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The study of NafionTM/ponmer structure based

sensing films on pH-ISFET applications

Student: Jin-Li Chen Advisor: Dr. Kow-Ming Chang

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University
ABSTRACT

ISFET( lon-sensitive Field Effeet 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.

But the lack of a stable solid=state reference electrode is detrimental to the luring
properties of ISFET. One approach to solve this problem is to use a differential
measurement consisting of an ion-sensitive structure (ISFET) and an ion-insensitive
structure (REFET). With this arrangement, the common mode unstable voltage
generated from the thermodynamically undefined metal/ electrolyte interface can be
eliminated.

In this thesis, we first apply the Nafion mix PR(FH6400) structure to modify the
ISFET sensing layer and successfully make the high H sensitivity ZrO2-pH-ISFET
become a low H* and Na" sensitivity REFET. From the experimental results, the H"
sensitivity of ZrO2-pH-ISFET with the value of 57.89 mV/pH can be decreased to 5.8
mV/pH and Na+ sensitivity is also decreased from 15.88 mV/pNa to 11.27 mV/pNa.

When in differential ISFET/REFET measurement, the H" sensitivity and Na*



sensitivity will be 52.09 mV/pH and 4.61 mV/pNa, respectively.

In order to realize the single ISFET integrated with a solid-state reference
electrode, the simple and compact structure of ISFET sensor without the additional
REFET or glass reference electrode, we also apply the Nafion mix PR structure for
the solid-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 ions disturbing. The experimental results show the
troublesome and unstable problem can be greatly improved. Without REFET
arrangement in differential measurement or replaced by glass reference electrode, the
H* sensitivity of single ZrO2-pH-ISFET integrated with solid-state reference
electrode still can reach to 55.9 mV/pH and the output voltage is also very stable

within 60 seconds.
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Chapter 1

Introduction

1.1 The importance of pH detections

pH is an important parameter in many fields such as agricultural, chemistry, food
chemistry, pharmaceutic industry and human health [1]. 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 0.03pH units or less the functioning of the body will be greatly
impaired [2]. In our surroundings, the pH values of rivers, waters and soils affect the
livability of fishes, animals and plants. A little’change of the pH value will result big
impact to these organisms.

In order to detect the pH value, there are many methods for using such as (1)
indicator reagents (2) pH test strips (3) metal electrode (4) glass electrode. The
mentioned methods (1) and (2) are differentiated from colors and can not reach high
accuracy. The method (3) is difficult for handling and reproducing. The method (4)
glass electrode commonly is used and considered to be the standard measuring
methods. Therefore in the next section we will have an introduction for the pH

glass electrode, which plays an important role in pH detections.

1.2 The pH glass electrodes

The first pH glass electrode is developed by Cremer in 1906 and after that many
efforts have been devoted to improve its application. The glass electrode is composed

of a bulb of glass membrane, which permits the passage of hydrogen ions, and 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
becomes hydrated (the thickness is about 0.3-0.6nm) and exchanges sodium ions for
hydrogen ions to build up a surface layer of hydrogen ions [2]. For the purpose of
good and stable sensing glass, the sensing glass often contained other component like
Na,0-Ca0-Si0;, Li,0-Ba0-Si0;, Li,0-Cs,0-La,03-Si0,, et al. [3]. For example, the
introducing of alkali (ex. Li) oxide will break the stable Si-O bond and result the
change between Li" and H:

SiO"Li"(glass membrane)+ H " (solution)
— SiO—H + (hydrated _layer)+ Li*(solution)
The produced charges will transport by Li', and build up surface potential. The
potential difference between the-outside and inside glasses will be delivered to the pH
meter and exhibit the potential difference.-in.pH value. The potential difference across

the glass membrane can be derived from Nernst equation.

E= Eo+ﬂlna .
nF H

where E=electrode potential, Eo=standard potential of the electrode, R=gas constant

(8.31441JK 'mol™), T=temperature (in Kelvin), n=valance (n=1 for hydrogen ions),

F=Faraday constant and ¢« . =activity of hydrogen ions.

Nernst equation shows that, providing that at one side of the interface the
activity of the ion of interest is kept constant, the electrode potential is a direct
logarithmic function of the ion activity on the other side [4]. Because the glass
electrode has the ideal Nernstian response, so it is most widely used for pH
measurement. One more to be noted is for the purpose of stable and endurable

property, the reference electrode material must use the noble metal like Ag, Pt, et al, it



is relatively expensive. Because of the internal liquid reference solutions, the
traditional glass electrode must measure at vertical position for chemical stability, it is
inconvenient in applications. Therefore in order to overcome these disadvantages, the
all-solid-state pH glass electrode sensors have been investigated [1] [3] [5].

As mentioned before, the property of glass electrode has improved by many
efforts, but due to its brittle nature and difficult to miniaturize, it is still hard to be
used in food or in in vivo applications, especially for biomedical applications. There
is an increasing need for alternative pH sensors.

According to Ref [2], there are some 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 sensoers (7) pH-image sensors
As shown above, the ISFET-based pH-sensor is a new techniques for pH
detection and because of the nowadays.advanced IC fabrication techniques, it has a

big potential for widely application.

1.3 The ISFET-based pH sensors

ISFET (Ion-Sensitive field effect transistor) was first developed in the 1970s as an
alternative to the fragile glass electrode for the measurement of pH and concen-
trations of ions (Na", K*, CI', NH4", Ca2", etc.) [6]. The ISFET structure is similar to
the MOSFET except that metal gate electrode is removed and deposit a sensing film
on the gate oxide, as shown in Fig 1-2. The upmost sensing layer will have chemical
reactions with the test solution and build up charges at the surface. Surface charges

will induce surface potential and change the threshold voltage of the ISFET, hence the
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operation current Ip will also change. For instance, in linear region the operation

current Ip is given by

W 1
Iy = Coxﬂr[(\/es -V Ve _EVDsz]

Therefore, in order to be able to measure the threshold voltage of the ISFET —
and hence the solution pH —it is necessary to bias it at constant drain current (Ip) and
constant drain to source voltage(Vps). In such situation there will be only two
variables, Vg and Vt. When Vt 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 [7].
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 aud theories aré:presented in Chapter 2.

Because of removing the gate electrode, 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./We can see that the big glass electrode is in-
convenient and easily broken in measurement, so the small and rigid solid state
reference electrode is investigated.

One of the frustrations in the field of solid-state chemical potentiometric as well
as amperometric sensors is the lack of a solid-state reference electrode [8], [9]. If the
solid-state Ag/AgCl reference electrode is contacting directly with the electrolyte
solution ( this often referred as ”quasi-reference electrodes ” ), then the chlorine ion
will diffuse into the electrolyte solution and the electrode is susceptible to changing
activity of its primary ion(e.g. a(Cl) in Ag/AgCl system). Hence, the lifetime of this
pH sensor is short and the stability of this pH sensor is bad [10], [11].One way to

solve this unstable problem is encapsulating the separate reference electrode in a



separate compartment filled with internal reference electrolyte of constant Cl activity
like Fig. 1-3. Because due to out-diffusion of KCl and in-diffusion of ions frome the
sample solution, the stable lifetime of these electrodes is limited and to seal a small
volume of saturated KCl electrolyte is also a mass production fabrication challenge.
Another way to solve the unstable problem is using the REFET (Reference Field
Effect Transistor). REFET is identical with ISFET except that REFET does not react
on the ion concentration to be measured, i.e. REFET is insensitive to the test ion
concentration [8]. By using differential ISFET/REFET measuring system, the unstable
problem of quasi-reference electrode can be solved. As shown in Fig. 1-4, the unstable
signal of the quasi-reference electrode (common mode signal) will be suppressed
through the differential amplifier, and the output signal will only be a function of pH.
Most of the attempts to create &iREFET are based on covering the gate oxide of an
ISFET with an additional ion «insensitive membrane, such as Teflon [8]. The key
parameter for the choice of thesmembrane-was,initially the hydrophobicity, but later
on one discovered that this is not the only criterion for chemical inertness as required

for a REFET. According to the ISFET theory which will be discussed in Chapter 2,

the sensitivity parameter (« ) has an important related factor, f.

mt *

The larger S,
the larger sensitivity, and f,, is correlated to the number of the surface sites.
Therefore, the surface modification by chemical methods to reduce the numbers of the
surface sites is also a way to diminish the sensitivity.

As mentioned above, there are two methods to reduce the unstable problem of
the solid-state reference electrode. But method one, reference electrode with internal
reference electrolyte, has its difficulty in package and miniaturization. Method two
needs one more REFET and more circuits, so need more layout areas. Not only the
mentioned disadvantages of using REFET but also the separated referenced electrode

will restrict applicability. Hence to develop an all solid-state reference electrode
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integrated with ISFET in one chip is desirable.

1.4 The all solid-state reference electrodes of ISFET

The most simple and compact structure of ISFET is the all solid-state reference
electrode integrated with ISFET in a single chip. But the solid-reference electrode is a
big problem to prevent from realizing.

Up to now, it is still a problem to create a long-term stable all solid- state
reference electrodes. This is because the potential at the solid/liquid interface is
thermodynamically undefined and 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, building up a stable potential at' the interface is a way to realize the all

solid-state references integrated with ISEET:

1.5 Motivation of this work and thesis organization

As mentioned before, the unstable problem of the quasi-reference electrodes can
be solved by co-fabricated REFET. The destination of fabricating a REFET is
insensitive to the pH concentration and other metal ions such as Na’, K", Ca’, or
chloride, CI'. According to the reference literatures [8], [12], [13], the sensing layer of
a REFET is nothing more than the macromolecule, i.e. high polymer-based materials.
Therefore, in this thesis, we firstly fabricated an ISFET with zirconium oxide (ZrO2)
as the sensing layer. The sensitivity of ZrO2-pH-ISFET is about 57.89 mV/pH, it is
approximate to the Nernstian sensitivity of 59.2mV/pH , and Na+ sensitivity of the

ZrO2- pH-ISFET is about 15.88mV/pH.



Secondly, variety of polymer-based material such as Nafion, P3HT, photo resister
(PR-FH6400) were used as the sensing layer of REFET. We find out the pH sensi-
tivity of the ZrO2- pH-ISFET could be greatly decreased by these polymer-based
materials. In order to find a best REFET for ZrO2- pH-ISFET, we also measure the
Na" sensitivity of the REFET. We want in differential measurement, the REFET can
eliminate the unstable voltage from the quasi-reference electrode and also decrease
the other ions, especially the sodium and potassium ions, sensitivity of ZrO2-ISFET.

After the above study of low sensitivity REFET, we then coat the polymer-based
materials at the solid-state reference electrode. According to our previous experiment
shows that the polymer-based materials make REFET have low sensitivity, it means
that the surface potential is a constant value, i.e. the surface potential will be stable.
Based on this idea, we coat the polymer-based materials at the solid-state reference
electrode. We find that it works: at.the solid-state reference electrode, the stability of
the output voltage (V) is greatly improved-

In chapter 2, the basic theory and-non-ideal phenomenon of ISFET is introduced
and the detail process flow of this experiment will be mentioned in chapter 3. In
chapter 4, we will have some discussions about our experimental results and in

chapter 5, the future work of this experiment is presented.
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Chapter 2

Theory Description

2.1 What is pH?

The concept of pH was first introduced by Danish chemist S. P. L. Serensen in
1909. pH is a measure of the acidity or basicity of a solution, 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. The name, pH, can be derived

from a combination of “p” the word power “H” for the symbol of the element

hydrogen [1]. The formula for caluating pH wvalue is defined as:
pH ==log;;&[H" ] (2-1)

where o is the activity coefficientiand-[H-]-is the-molar concentration of solvated
protonsin units of moles per liter. From. equation (2-1) we can know that pH reflects

the mount of available hydrogen ions not the concentration of hydrogen ions.

2.2 Basic principles of ISFET

Ion-selective field effect transistors (ISFETs) were first developed by P. Bergveld
in the 1970s.The ISFET structure is similar to MOSFET (Metal Oxide Semiconductor
Field Effect Transistor), besides the gate electrode is replaced by a reference electrode
and inserted in an aqueous solution which is in contact with the gate sensing layer.
Why we use a reference electrode is because that a capacitor (with the gate oxide as
the dielectric) needs two connections, in this case respectively the silicon and the

electrolyte [2]. Besides without the referenced electrode the electrolyte potential will
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be unstable and is influenced by noise easily. A schematic structure of MOSFET and

ISFET are shown in Fig. 2-1.
2.2.1 From MOSFET to ISFET

Because the structures are similar, the basic operational mechanisms are alike.

For both MOSFET and ISFET, the drain current in the non-saturated region is

w 1
Id = COXIUT[(\/QS _Vt )Vds _Evdsz] (2'2)

where Cy is the oxide capacity per unit area. W an L is the width and length of the
channel, respectively, and u is the electron mobility in the channel. We can see that if

the fabrication process is controlled, well. and biased in well designed applied

L . W .
electronic circuits, the geometri¢: parameter f = 1C;, T as well as the drain-source

voltage Vg, and the threshold voltage Vi are constant; then the drain current I3 will be
only the function of Vg in MOSFET. But in the ISFET, because the oxide/electrolyte
interface will have a chemical reaction and build up charges at the interface which
produce an electrostatic potential distribution, then it will have a modification at Vt.

As well-known, the threshold voltage of MOSFET is

Vt — ¢M _¢Si _ Qox +st +QB +2¢f (2_3)
q C

0X

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

metal( ¢, ) and the silicon (g ), the second term is due to accumulated charge in the
oxide( Q,, ), at the oxide-silicon interface( Q, )and the depletion charge in the
silicon( Qg ),whereas the last term determines the onset of inversion depending on the
doping level of silicon [2].

In the case of ISFET, two more difference has to be noted, the interfaces

between the liquid and the gate oxide on the one side and the liquid and the reference
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electrode at the other side [3]. The interface potential at the gate oxide-electrolyte
interface is determined by the surface dipole potential of the solution y,,, which is a

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

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

potential relative to vacuum E, . Hence the ISFET threshold voltage becomes

ref

¢si Qox+st+Q
Vt = Eref _‘//o +Zsol _?_C—B

(024

+ 24, (2-4)
note that the work function of metal gate ¢, in equation (2.3) seems to be

disappeared, but this is not true, because it is “burried” by the term E_. [2]. Take a

erf
look at equation (2.4), we can find that all the term are constant excepty , it is the
term which makes the ISFET sengitive to the electrolyte pH. The parameterg, is a
function of solution pH value and.is determined by-surface chemical reaction at the

sensing layer (oxide layer).According to-the-above-mentioned, we can know that the

ISFET drain current I is a function of Vgsand Vi, 1.e. 1, (V,,V,) ,and V. is a function of

g
surface potential y_, 1.e. V(y,),wherey is a function of pH. From Fig. 2-2 we can
see these results obviously [2].

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, so in the next section we will have a statement at the

oxide/electrolyte, that is the key point of ISFET.

2.2.2 The oxide-electrolyte interface

As mentioned before, when we immerse the ISFET in the pH liquid, the
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oxide/electrolyte interface will build up charges and develop an electrostatic potential.
But what is the charging mechanism at the surface? The site-binding model
introduced by Yate et al. is the most well-known approaches to describe the charging
mechanism at the oxide/electrode interface as illustrated in Fig 2-3. The surface of
any metal oxide (the sensing layer ) always contains hydroxyl groups, for instance, in
the case of silicon dioxide is SIOH groups. The amphoteric sites may donate or accept
a proton from the solution, leaving a negatively charged or positively charged surface

group respectively. The surface reactions are:

AOH = A0 +H," (2-5)

AOH +H," =2 AOH," (2-6)

where A is the metal oxide componert, such as:Si, Al, Zr, Ta, and Hg' represents the
protons in the bulk of the solution. We: also have' to know that there are a fixed

number of surface sites per unit:area, NS

Ng =Vuon Vo Y po (2-7)

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

charge density o,[C/m?]

o, =(q (VAOH; v ) - _gB (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 pHy,.[7].

Then
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a,.’ - KK,
o, =(Ns > 5 (2-9)
KKy +Kpa, . +a, .

where Ka and Kb are dissociation constant. A detailed derivation can see the Ref. [3]

[4]. 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

oo oB

opH,  DopH,

=0 (2-10)

from equation (2-9) and (2-10)

5N Kpa, * +4K.Kpa, . + KKy’
int — 'S

2.3a (2-11)

Hg*

2
(KK, + K3, . +3, %)
It is called “intrinsic” buffer capacity,.because it is only capable of buffering

small changes in the surface pH.(pHs) and noet:in the bulk pH (pH,). We can see that

the value of Ns, Ka and Kb ar¢ oxide dependent. More surface sites will have larger
B.. - According to Ref. [4], Hydrolysis of the surface will create more surface sites
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 [4]. This dependence is
ascribed to variations in the double layer capacitance. For reasons of charge neutrality
the surface charge o, is balanced by an equal but opposite charge, o, in electrolyte.

The two opposite charges, o,and o, parallel to each other form the electrical double
layer structure, and the integral electrical double-layer capacitance is named C, ;.
The relation between then is

Oy =—0,= _Cdl,i XY, (2-12)
where the potential difference y, =y, -y, the surface potential subtracts the bulk

potential of the electrolyte.
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But what is the detailed mechanism for the electrical double layer? It needs a
theory model to describe this. The first double layer model is proposed by Helmholtz
in 1853. He regards the double layer as a parallel plate capacitance structure as shown

in Fig. 2-4. The plate distance “r” is taken as the ion radius and the double layer

capacitance C, =8 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. 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 beétween the double layer capacitance and electrolyte
concentration. In the begging of: 20" century, Gouy and Chapman proposed the idea
of a diffuse layer to interpret the capacitive ‘behavior of an electrode/electrolyte as
shown in Fig. 2-5. 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)=Ci® exp {%] (2-13)

where ¢, is the potential at any distance x with respect to the bulk of the solution,
C.(x) and Ci°are the molar concentration od species i at a distance x and in the bulk

of the solution respectively and Z; is the magnitude of the charge on the ions. The
relation between ionic activity (@, ) and ions concentration (C,) is a = f. xC,, where
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f, is activity coefficient, in diluted electrolyte f, will be approach unity. But the
Gouy-Chapman model has one major drawback, the ions are considered as point
charge that can approach the surface arbitrarily close. This will cause unrealistic high
concentrations of ions near the surface at high values of y, [4]. The Gouy-Chapman
model can 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 this two double layer model, 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 double layer structure in ISFET literature. The model describes that some of the
ions in the electrolyte are next to the clectrode 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 aceording to-the-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. 2-6 and
Fig. 2-7. 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 y, and y, is the potential difference across

the Stern capacitance. By the Gouy-Chapman-Stern model, we can get the critical

parameter - differential double layer capacitance C,; , the ability of the double layer

to store charge in response to a small change in the potential, defined as
Cyp = 2% 2% (2-14)
o, Oy,
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According Ref. [3], the derived inverse C,; is made up of two components in series:

L oy, 1, 1 (2-15)

Cdif ao_o CStern 28r8022q2n0 cosh Zqy,
V KT 2kT

2.2.3 The pH sensitivity of ISFET

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

buffer capacity ., 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, i/, on a change

of the bulk pH, (?a Tj"’ .This expression is derived, from a separate treatment of both
B

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

from 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

alr//o _ alr//o ~ aO-o _ _qﬂim

opH, do, opH; Cy

0

(2-16)
Then by applying Boltzmann equation, the activity of the of the bulk protons a, .

can be related to the activity of the protons in the direct vicinity of the oxide surface

aHs* , that is

a,.=a,. exp (_E—T'/’j (2-17)
or in the from of pH
pHg = pHg + W, (2-18)
2.3KT

then equation (2-16) can be write in the form
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6‘//0 _ _quint (2_19)

w, ) C,
o| pH, + 0 dif
(p ° 2.3kT]

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

of the electrostatic potential to changes in the bulk pH,

v, _ 55K, (2-20)
OpHg q
with
g O<a<l 2-21)
~2.3KTC,, ’
—a,
q ﬂim

the parameter o is a dimensionless sensitivity parameter that varies between 0 and 1

depending on S, and Cy .When A  is high and Cy is small enough, « will

approaches 1. If a =1, the ISFET has a so-called Nernstain sensitivity of precisely
-59.2 mV/pH at 298K, which is also the maximum achievable sensitivity.
The usual SiO, from the MOSFET process does not fulfill the requirements of a

high value £, . The pH sensitivity.of SiO, sensing film ISFET is only about 30mV/pH.

In order to find high sensitivity sensing film, many sensing layer have been
investigated such as SizNy [9],[10], ALLOs [9],[11], Tay0s[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 [5][9].It seems to attractive for biomedical applications. But ISFET has two
important time-dependent factors, drift and hysteresis, that will influence the output
voltage accuracy and prevent the application. Therefore, it is importance to under-

stand the mechanism of drift and hysteresis. In the next section, we will have some

descriptions at these two unwanted mechanisms.
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2.3 Non-ideal phenomena of ISFET: Hysteresis and Drift

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,
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).

2.3.1 Hysteresis

The amplitude of the slow-respense.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 have
to 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
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When the intrinsic response (fast and slow response) is completed, the output
voltage of the pH-ISFET still varies with time gradually and monotonically. This
phenomenon is called “Drift”. 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 [14]. 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 SiO2 layer or an oxynitride during contact
with an aqueous solution. Since hydration alters the chemical composition of the
nitride surface, then the dielectric constant of the overall insulator capacitance, i.e. the
series combination capacitance of.'the superficial hydrated layer and that of the
underlying silicon nitride, will-exhibit.a-slow;, temporal change. 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 [19]. The new idea sounds make sense for explaining drift mechanism. The
author uses a new diffusion concept, dispersive transport, to model the transport
mechanism.

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 an
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
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hopping transport [2] trap release times from multiple-trap transport [3] or both
(1) and(2) that is 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. 2-8. Because the distance between various neighboring sites have some

variation than a mean value, the effective intersite transition rates
w (F) T (2-22)
where r is the difference in position, A is the energy level of the sites,r, is the

radius of the local charge distributionysWe:can know that W (F) is sensitive to the

sites distance, and will suffer a wide statistical dispersion. This is turn yields a broad
distribution of hopping times: [20] [21]." The ‘authors designate a hopping time
distribution function /(t) to desSeribe the time distribution, 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.
w(t)dt will be the probability that after a carrier arrives in a given cell.

And by Ref [22], Dispersive transport is characterized by a power-law time
decay of the mobility or diffusivity of the formt”™, 0<f<I. Dispersive transport
leads to a decay in the density of site/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
B
AN, - (t) = AN, (O)exp[(—t/r) } (2-23)
where AN ;(t)is the area density (units of cm™?) of sites/traps occupied, 7 is the time

constant associated with structural relaxation, and £ is the dispersion parameter
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characterizing dispersive transport.

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 Vpg, the drain current will only controlled by Vg, but in ISFET, the drain
current will also controlled by different pH values. Because there will be a chemical
reaction at the oxide/electrolyte interface then build up charges and potential to
change the drain current Ip. 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 we use the

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

can get the critical parameters S, Cy ;i and derive the expression equation of

v, :—2.3k—Ta. At the end of this chapter, we also mention the

dpH, q

sensitivity

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

application.
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Chapter 3

Experiment and Measurement

3.1 ISFET and REFET fabrication Process flow

To investigate the properties of P3HT, PR, Nafion as the REFET up most sensing
layers, the co-fabricated ISFET/REFET 1is presented. All processes were
accomplished in Nano Facility Center. The fabrication procedures are listed as follows

and the process is illustrated in Fig 3-1:

(a)
1. RCAclean.
2. Wet oxide growth 6000A ) 1050 C, 65mins.
(b)
3. Mask”1 to define Source/Drain region
4. BOE wet etching of silicon dioxide.
5. Dry (Screening) oxide growth 300 A, 1050°C, 12mins.
6. Source/Drain implantation, Dose=5E15(1/cm?), Energy=25Kev.
7. Source/Drain annealing, 9500C, 30mins.
(¢)
8. PECVD Oxide deposition 1 4 m.
(d)

9. Mask™ to define contact hole and gate region.
10. BOE wet etching of silicon dioxide.

11. Dry oxide growth 100 A, 850°C, 60mins.
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(e)

12.

13.

14.

()

15.

16.

(g)

17.

18.

(h)

19.

Mask"3 to define the sensing layer region.
Sensing layer (ZrO,) deposition by Sputtering.300 A.

ZrO2 sintering 600 C, 30mins.

Mak"4 to define the contact and solid reference electrode region.

Ti/Pt deposition by Sputtering 150 A 350 A,

Backside Al evaporation 5000 A.

Pt and Al sintering 400 C, 30mins

Coating the polymer-based material as REFET sensing layer.

3.2 Key steps illustration

In step 8, we deposit SiO2 film of i g m thickness by PECVD, The 1 g m SiO2
film can protect the structure of a pH-ISFET. During a long period of electrolyte

immersing, ions may diffuse and affect the ISFET’s electrical characterization and a

thick Si02 can eliminate the effect.

In step 14, a ZrO2 sensing layer is deposited by sputtering. It has been proved the
ZrO2 film deposited by sputtering has good characteristics as a pH-ISFET sensing
layer in our lab. Therefore, in this study we still use ZrO2 as the sensing layer and
research the the suitable REFET for it. Table 3-1 is the sputtering parameters. In
step16, before depositing Pt we have to deposit Ti as the adhesion layer. The adhesion
between Pt/Si02 is very poor, so we have to deposit Ti to improve the adhesion.

In step 19, a key step in our experiment, we coat the polymer-based material as the
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REFET sensing layer. In this experiment, a three-layer structure is presented. Above
the original sensing layer (ZrO2), a polymer-based material PR(FH6400) or P3HT is
applied. After that, we coat Nafion above PR or P3HT as a passivation layer. In order
to improve the adhesion of PR and P3HT with ZrO2, we apply HMDS before coating
PR or P3HT. Besides the three-layer structure, a mix composition of Nafion and PR is
also coating above the ZrO2 sening layer, we call this is an entrapment method. We
think that this will reduce one coating time, and the interface induced uncertain
problems of three-layer will also be reduced. The experiment test structures are listed
in Table 3-2. Why we did not mix Nafion with P3HT is because they can not dissolve
together.

According to the lectures, Nafon is extremely resistant to chemical attack and has
relatively high working temperatures, so Nafion can protect the underlying
polymer-based layer from damaging. There is also ‘an additional advantage for using
Nafion. That is Nafion is a cation exchange-polymer, i.e. Nafion will not affect the
hydrogen ions to pass and any sensitivity deereased will be from the contribution of
polymer-based material. But, in our experimental experience, P3HT is very
hydrophobic and PR(FH6400) is easy to dissolve in Nafion solutions, so the coating
method and the quantity of liquid have to be controlled carefully, following is our
process flow:

1. Dropping the PR or P3HT solution at the sensing layer region.
2. Dried in air for 6 hours, the solution becomes colloid with thickness of
5-10um.
3. Bake at 90'C for 5Smins for the purpose of annealing and having a flat
surface.
4. Dropping Nafion 2% solution above PR or P3HT with thickness of 2-3um.

5. Dried in air for 30mins
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6. Baked at 90°C for 5mins to anneal Nafion film.

When dropping Nafion above PR(FH6400), we have to pay attention that Nafion
solution must simultaneously cap the all parts of PR which coated at previous step,
otherwise some part of PR will be etched entirely and cause damage to PR. This may
be that PR is easy to dissolve in Nafion even PR become solid. If we cover all parts of
PR, the dissolve stress will be equal at PR and PR film will be still fine, otherwise

some parts of PR will against more stress and easy to break.

3.3 Measurement system

To investigate the characteristics of different polymer-based sensing layer, we
measure the [-V curves for the pH-ISEET by using HP4156 as measurement tool and
the system is shown in Fig 3-2: For preventing from light influence [2], the entire
measurement procedures were executed.-in a dark box. The measured pH values are
1,3,5,7,9,11,13, and the pH buffer solution 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, 10°M, 10°M, 10"M, 1M .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 concentrations are diluted by DI water.

3.3.1 Current-Voltage (1-V) measurement set-up

A HP-4156 semiconductor parameter analyzer system were set up to measure the

I-V characteristic curves, in which include Ips-Vgs and Ips-Vps curves at controlled
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temperature. It have to take care when dropping the pH-buffer solution at the sensing
region. Because the sensing areas are small, prevention of air bubbles generated at the
interface is needed to pay attention. In order to measure at more stable situation, every
pH value is immersed for 30 seconds before measurement.

From Ips-Vgs curves, we can extract the pH sensitivity (mV/pH) of ZrO2
pH-ISFET. At first, finding the point of maximum transconductance, i.e. the
maximum slope of Ips-Vgs curves, and getting the current value (Ips). At the constant
Ips of maximum transconductance, we can see that with different pH values the
reference electrode voltage (V) is shifted and the shifted voltage per pH value is the

sensitivity, as illustrated in Fig. 3-3.

3.3.2 Current-Voltage (I-V):measurement set-up with solid reference

electrode

In this situation, we replace the glass reference electrode with solid reference
electrode. The long-term stability of the output voltage (Vi) is what we concern
about. Hence, as the same with measuring for sensitivity, ever pH value is immersed
for 30 seconds before Ips-Vgs measurement. Then the long-term stability of output

voltage is measured for 60 seconds with 15 seconds a measurement point.

3.4 References
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Chapter 4

Results and Discussions

Part I: Polymer-based material applied as the sensing layer of

REFET

4.1 H* and Na" Sensitivity of different polymer-based material

For solving the unstable voltage problem of solid-state reference electrode, a
REFET (Reference ion-sensitive Field Effect Transistor) co-fabricated with ISFET is
applied. The REFET is identical with ISFET but does not react on the ion concen-
tration to be measured. By applying a differential ' measurement between ISFET and
REFET, the unknown and unstable clectrode potential manifests itself as common
mode signal and is thus suppressed by the CMRR*(common-mode-rejection-ratio) of
the system.

According to Chapter 2, the sensitivity of ISFET is related to the numbers of
surface sites, i.e., the more numbers of surface sites the larger sensitivity it has. For
the sake of reducing sensitivity, we need to find an effective diffusion barrier for
protons, thus reducing the pH sensitivity of the device. In this study, we want to build
up a REFET which is suitable for the ZrO2-pH- ISFET, so to find a REFET with low
H' sensitivity is our main object. But a REFET must also insensitive to the other ion
concentration, or else the H' sensitivity of ISFET will be decreased by REFET in
differential measurement. The alkali metal ions are easy to be found in electrolytes, so

in this study, we also study the Na" sensitivity of ISFET and REFET.
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4.1.1 H" and Na" Sensitivity of ZrO,

Fig. 4-1 and Fig. 4-2 show the H" and Na" Sensitivity of ZrO, is 57.89mV/pH and
15.88mV/pNa, respectively. It shows that the ZrO2 sensing film is more selective to
H' ions than Na ions. The results are agreed with Ref. [1]. The H' sensitivity of
ZrO2 sensing film will be a little decreased by Na' ions in the electrolyte. So, if we
find a REFET with Na' sensitivity is similar to ZrO2, then the H' sensitivity

decreased by Na" will also be eliminated in differential measurement.

4.1.2 H" and Na" Sensitivity of NF coated ZrO,

In our experimental experience, the polymer=based material, PR and P3HT, are
easy to damage in electrolyte, and the film properties-will be unstable in measurement.
In order to solve this problem, we apply-Nation developed by Dr. Walther Groot at
DuPont in the late 1960’s.

Nafion is a perfluorinated polymer that contains small proportions of sulfonic or
carboxy ionic functional groups and with this functional groups, Nafion has the
feature of unique equilibrium ionic selectivities and the ionic transport properties. Fig.
4-3 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] [3] [4]
[5].Because of the high concentration SO3 ion clusters, Nafion exhibits a high
cation conductivity, i.e., high cation exchange. And Nafion is modified from Teflon,
so Nafion is extremely resistant to chemical attack and high working temperature.

Based on the above knowledge, we use Nafion to be the protective layer which
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coated above PR or P3HT. In order to see if the coated Nafion will influence any H"
sensitivity, we coated Nafion above ZrO2 sensing layer. Fig. 4-4 shows the NF-coated
ZrO2 H' sensitivity and Na™ sensitivity are 58.92mV/pH and 16.34mV/pNa,
respectively. The sensitivity is a little increased by Nafion, because of its high cation
conductivity property thus more cations will be easily trapped at the surface sites.
This result means that Nafion will be exact a protective role, and will not decrease any
sensitivity, so in the following experiment any decreased sensitivity will be from the

contribution of PR or P3HT.

4.1.3 H" and Na" Sensitivity of NF-P3HT-ZrO,

According to Ref. [6], deposition of hydrophobic ion-unblocking polymer layers
is a way to design a REFET and such membranes exhibit slight conductivity. Based
on this idea, we using the popular organicmaterial, P3HT (poly (3-hexylthiophene) )
as the REFET sensing layer. P3HT is used as.the semiconductor layer in FET, because
it is easily processable and is compatible with plastic substrates. Fig. 4-6 shows the
chemical structure of P3HT, we can see that P3HT is synthesized from polythiophene
(PHT) with 3-alky substitutes in head to tail regioregular structure [7]. Because of
ordering and crystallinity in its solid states, the mobility in P3HT will be improved.
We think that the ordering structure of P3HT maybe an effective diffusion barrier for.
protons. Table 4-1 and Fig. 4-7 ~ Fig. 4-9 is the H' sensitivity and Na" sensitivity of
P3HT-ZrO2 structure. From Table 4-1, the sensitivity of P3HT is very unstable during
measurement, it maybe come from the poor adhesion between P3HT and ZrO2. P3HT
is very hydrophobic with contact angle more than 90°, and the original gate surface is
hydrophilic, so the attachment will be weak. But we believe P3HT has the potential to

reduce sensitivity because the once low sensitivity during measurement.
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4.1.4 H" and Na" Sensitivity of NF-P3HT-HMDS-ZrO,

In order to improve the attachment, we apply HMDS (hexamethyldisilazane) to
the gate region before coating P3HT. Table 4-2 and Fig.4-10 ~Fig. 4-12 show the H"
sensitivity and Na' sensitivity of P3HT-HMDS-ZrO2. By applying HMDS as the
silylating reagent, the sensitivity of P3HT film becomes more stable with the average
of 8.07mV/pH. This means P3HT is an effective film for REFET. But Fig. 4-12 shows
the Na+ sensitivity is 39.21mV/pNa which is too large to be a REFET sensing film for

ZrO2-pH-ISFET.

4.1.5 H" and Na" Sensitivity.of NF-PR-ZrO,

Positive photo resistor (FH6400) is-also-a-test polymer material in our experiment.
FH6400 is composed of three parts: (1).resin(2) sensitizer, DNQ (3)solvent. Among
them, resin is a polymer with heat-resistant property and is widely used as the etching
protective film. Table 4-3 and Fig. 4-13 ~ Fig. 4-15 show the average H' sensitivity
and Na' sensitivity of NF-PR-ZrO2 are 9.92mV/pH and 9.9mV/pNa, respectively. It
shows PR is a good sensing film for REFET. Without coating HMDS, The sensitivity
of PR is more stable compared with P3HT w/o HMDS. This is because the adhesion

of PR is stronger than P3HT at ZrO2 surface.

4.1.6 H" and Na" Sensitivity of NF-PR-HMDS-ZrO,

With applying HMDS at gate surface before coating PR, from Table 4-4 and Fig.

4-16 ~ Fig. 4-17, the H' sensitivity is more stable than PR w/o HMDS. But from Fig.
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4-18 the Na' sensitivity is 28.27mV/pH which is too large to be a sensing layer of

REFET.

4.1.7 H" and Na" Sensitivity of NF-mix-PR-ZrO,

The more uniform and careful film structure will be one of the methods to form a
more effective film to reduce the numbers of surface sites. As we test in previous, the
film structure by the coating process maybe not in ordering. In section 4.1.2, Nafion
has many voids in its chemical structure, and if we mix PR with Nafion, the voids will
be filled by PR and become a more ordering and stronger structure. Table 4-5 and Fig.
4-19 ~ Fig. 4-20 show the H' sensitivity of NF-mix-PR ZrO2. The average H"
sensitivity is 8.47mV/pH and is more stable and lower than Nafion cap PR structure
presented in section 4.1.5. This-means that our supposition is working, but Fig.4-21
shows the Na' sensitivity of this structure-is-19.89mV/pNa, it is a little larger than

15.88mV/pH, the Na" sensitivity of ZrO2.

4.1.8 H" and Na" Sensitivity of NF-mix-PR-HMDS-ZrO,

With applying HMDS at the gate surface before coating NF-mix-PR solution,
from Table 4-6 and Fig. 4-22 ~Fig. 4-23, the H' sensitivity is stable and lower than
NF-mix-PR-ZrO2 structure. Fig. 4-23 shows the Na' sensitivity is 11.27mV/pNa
which is very close to 15.88mV/pH, the Na' sensitivity of ZrO2. This structure is
suitable for REFETT as the sensing layer.

The results of Na" sensitivity in section 4.1.6 and 4.1.7 with structure NF-mix-PR
is different from other sections. In the previous sections, Na" sensitivity is larger when

coating HMDS, but in this structure, NF-mix-PR, is contrary. We guess this come
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from the structure difference, and in previous sections the REFET sensing layer is
only PR or P3HT, the trend of Na" sensitivity with or with out HMDS is the same. In
the NF-mix-PR structure, the mechanism of trapping Na" ions maybe differ with PR
or P3HT, but this mechanism nowadays is still complex for us to explain. Although
the mechanism we are still not very clear, but this results of low H' and Na"

sensitivity imply the structure has a big potential in the application for REFET.

4.1.9 Summary of Part |

In Part I, we have tried various REFET sensing layer structure for ZrO2- pH —
ISFET. Fig. 4-25 and Table 4-7 summary the results of Part I, we find the
NF-mix-PR-HMDS-ZrO2 structure exhibit a ‘potential being a sensing layer of

REFET. Table 4-8 list the sensitivity results for-the differential ISFET/REFET

measurement.

Part I1: Solid-State Reference Electrode integrated with ISFET

4.2 Solid-State Reference Electrode

The potential at the solid/liquid interface is thermodynamically undefined and will
lead to significant errors in pH measurement. The electrode modifying methods has
been tried at the Ag/AgCl reference electrode by KCI and Nafion [4] [8]. It shows
with the Nafion coating, the electrode potential will be more stable. This is because
the Cl 1ions of the Ag/AgCl reference electrode will be trapped within the KCl
membrane by Nafon which is only permeable for cation ions. Therefore it will

maintain a constant chloride activity and stable potential on the Ag/AgCl reference

36



electrode surface.

According to our previous experiment shows that the polymer-based materials
make REFET have low sensitivity, it means that the surface potential is a constant
value, i.e. the surface potential will be stable. Based on this idea, we coat the
polymer-based materials at the solid-state reference electrode. We choose NF-PR and
NF-mix-PR-HMDS structures, the better structures applied in REFET, to coat at the
solid-state reference electrode. For having a chemical-resistant electrode, we deposit
noble metal, Pt, as the reference electrode by sputtering. Comparing with the Ag/AgCl
reference electrode, the Pt reference electrode will not have the problem of chloride

diffusion.

4.2.1 The glass reference electrode

In this experiment, for the sake lof having-a standard reference, we first measure
the sensitivity of ZrO2-pH-ISFET by glass reference electrode. In chapter 1, we have
introduce the potential of glass electrode is very stable. Fig.4-26 shows the sensitivity

of ZrO2-pH-ISFET measured by glass reference electrode is 56.67mV/pH.

4.2.2 The bare solid-state reference electrode

Fig. 4-27 shows the long-term stability and sensitivity of ZrO2-pH-ISFET
measured by bare solid-state reference electrode. We can see the gate voltage (Vi) of
each pH value is very unstable within 60 seconds and the sensitivity linearity is also
very bad. As the lectures said, this is the main problem of solid-state reference

electrode and prevent from realizing.
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4.2.3 The NF coated solid-state reference electrode

Fig. 4-28 shows the long-term stability and sensitivity of ZrO2-pH-ISFET
measured by Nafion coated solid-state reference electrode. We can see with the
polymer coated, the linearity of sensitivity becomes better. We also find that the
long-term stability in acid electrolyte is more stable than in basic electrolyte. This
maybe the reasons that Nafion is a cation exchange membrane, and the H" ions in acid
are more than in basic, so the thermodynamic equilibrium at the solid/liquid in acid
electrolyte will achieve quickly than in basic electrolyte. Although the linearity is
better by Nafion-coated, but the sensitivity is only 26.78mV/pH and is still difficult in

application.

4.2.4 The NF-PR coated solid-state reference electrode

Fig. 4-29 shows the long-term Stabilityand-sensitivity of ZrO2-pH-ISFET
measured by the NF-PR coated solid-state reference electrode. We can see NF-PR
could greatly improve the performance. The long-term stability and linearity is very
stable between pH 3 to pH 11 and the sensitivity can reach to 45.4mV/pH which is
better than NF-coated reference electrode. These results mean that the low sensitivity

sensing layer of REFET also work at the solid-state reference electrode.

4.2.5 The NF-mix-PR-HMDS coated solid-state reference electrode

Fig. 4-30 shows the long-term stability and sensitivity of ZrO2-pH-ISFET
measured by the NF-mix-PR-HMDS coated solid-state reference electrode. The
stability and linearity are much better than the bare solid-state reference electrode and

the sensitivity is 55.9mV/pH which is very close to 56.67mV/pH, the sensitivity
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measured by glass reference electrode. In order to check the stability, we measure this
two times, Fig. 4-31 is the second measurement by NF-mix-PR-HMDS coated
solid-state reference electrode. It still exhibits a stab output voltage and good linearity.
The sensitivity is still at the order of 55.67mV/pH. From the experimental results, the
NF-mix-PR-HMDS structure seems to have the potential to solve the unstable

problem of the solid-state reference electrode.

4.2.6 Summary of Part Il

In this experiment, we prove the polymer-based material can work at the
solid-state reference electrode. The long-term stability and linearity can be improved
by polymer-based structure. We verify that the most simple and compact structure of
ISFET can put into come true-by.modifying the troublesome solid-state reference

electrode with NF-mix-PR-HMDBS.

4.3 Conclusion

In this study, we firstly apply the Nafion mix PR polymer-based material for
REFET and solid-state reference electrode. The sensitivity of ZrO2-pH-ISFET is
57.89mV/pH without any polymer modifying, but after treating with Nafion mix PR,
the sensitivity can decrease to 5.8mV/pH at average. The Na' sensitivity of this
structure is only a little influenced by different Na’ concentrations with the value
11.27mV/pH. It means modifying by the Nafion mix PR polymer material is a
successful treating method for REFET. The process is simple and easy to fabricate.

The unstable voltage problem of solid-state reference electrode is also solved by

the polymer material, Nafion mix PR. The long-term stability within 60 seconds is

39



very steady and the linearity of sensitivity is extremely close to the results of glass
reference electrode.

From the experimental results, we confirm the kind of polymer-based material
have a big potential in surface modifying of REFET and solid-state reference

electrode.
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Chapter 5

Future Work

In our experiment, sensitivity of various sensing material and structure are studied.
Based on the observed result, Nafion mix PR is a good candidate for REFET and
solid-state reference electrode. But the coating process is not optimized in this
experiment and the long-term endurance for the material is also not studied.

For the purpose of mass manufacture, the yield and reliability are the most
important issues. When in experiment, the performance sometimes will fail and
unstable during coating and measurement. So, the optimized coating method,
including the influence of baking temperature ot dropping manners, and the accurate
thickness, needs to be studied further. The propetties of these polymer materials and

other new polymer stuffs are also need to-be-more understood.
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Fig 1-3 Encapsulation of the ISFET chip in the sensor for in vivo measurements
in gynaecology: (a) chip encapsulation, (b) ISFET chip, (c)Ag/AgCI
reference electrode, (d) reference electrolyte, (e) ceramic diaphragm,
() prefabricated mpﬁided 'thé'r:mo_plastic part, (g) sensor shaft
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power : 110 W

Ar/ O, :24/8(sccm)

Density : 6.51

Acoustic impendance : 14.72

Tooling factor : 0.533
Rate: 0.01A /s

pre sputter 60W for 10 min

Pressure : 7.6x10°

Table 3-1 ZrO2 Sputtering parameters
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Test structures

NF=rer NF-P3HT

NF-PR

NF mix PR

NF-P3HT-HMDS

NF-PR-HMDS | NF mix PR-HMDS

Nafion

Nafion

Nafion

Nafion mix PR

Nafion mix PR

HMDS

ZrO2

Table 3-2 The test structures of REFET, NF=Nafion
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Fig. 4-7 H” sensitivity error bar of NF-P3HT-ZrO2
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Fig. 4-8 H" sensitivity of NF-P3HT-ZrO2
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Fig. 4-9 Na" sensitivity of NF-P3HT-ZrO2
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Sensitivity
(mV/pH)

Up: 1.39
Low : 1.11
P3HT
with

HVDS 18.33 Up :4.97
11.67
10.09 Low : 3.27
Avg. 13.36

Table 4-2 H sensitivity of NF-P3HT-HMDS-ZrO2

(o]
o
T

1

P3HT with HMDS

N W b OO o N

o O o o o o
T T T T T T T T T

P PO NP EEPU R |

Sensitivity (mV/pH)

=
o
L |
1

o
LI |
1

#3 #4

Fig. 4-10 H" sensitivity error bar of NF-P3HT-HMDS-ZrO2
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Fig. 4-11 H" sensitivity of NF-P3HT-HMDS-ZrO2
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Fig. 4-12 Na" sensitivity of NF-P3HT-HMDS-ZrO2
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Sensitivity
(mV/pH)

Up:9.37

Low : 3.13

Table 4-3: H"sensitivity of NF-PR-ZrO2

25 T g T
- PRw/o HVDS

Sensitivity (mV/pH)
[y
o

#5 #6

Fig. 4-13 H" sensitivity error bar of NF-PR-ZrO2

65



IDS (UA)

IDS (UA)

1200 |
1100 -
1000 -

900 |-

800 |-

700 |-

500

600 |-

T v T v T v T
PR w/o HMDS
H Sensitivity = 15.69 mV/pH

......... pH=13 --- pH=5
-=--pH=11 = = pH=3
—--=pH=9 ——pH=1
—-=pH=7

]

1200

1150 F
1100 [
1050 [

1000
950
900
850
800
750
700
650
600
550

0.0

2.0 25 3.0

16

14

) v ) v ) v ) v ) v )
PR w/o HMDS
L H" Sensitivity = 15.69 mV/pH

0 2 4 6 8

12

pH value

Fig. 4-14 H" sensitivity of NF-PR-ZrO2
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Fig. 4-15 Na" sensitivity of NF-PR-ZrO2
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Sensitivity
(mV/pH)

B Up:34
. Low : 3.26

Table 4-4 H" sensitivity.of NF-PR-HMDS-Zr0O2

25 T T 1

PR with HMDS

= = N
ol o Ul o
) v ) v ) v ) v

Sensitivity (mV/pH)

o
T T

#7

Fig. 4-16 H" sensitivity error bar of NF-PR-HMDS-ZrO2
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H Sensitivity = 7.29 mV/ pH
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Fig. 4-17 H" sensitivity of NF-PR-HMDS-ZrO2
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Fig. 4-18 Na" sensitivity of NF-PR-HMDS-ZrO2
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Sensitivity
(mVipH)

Up : 0.55

Low : (.28

Table 4-5 H' sensitivity of NF-mix-PR ZrO2

20 T T
NF-mix-PR-ZrO2
15
T
o
>
£
= 10 |
=
3
o
n 5F I
0
#8 #9

Fig. 4-19 H" sensitivity error bar of NF-mix-PR ZrO2
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Fig. 4-21 Na" sensitivity of NF-mix-PR ZrO2
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Sensitivity
(mVIpH)

Up: 0.78

Low : (.78

Table 4-6 H" sensitivity of NF-mix-PR-HMDS-ZrO2

20 T T T
NF-mix-PR-HMDS-ZrO2

15 -
T
3
>
E
> 10| -
=
.% I

51 4
7 i

O 1 1

#10 #11

Fig. 4-22 H sensitivity error bar of NF-mix-PR-HMDS- ZrO2
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Fig. 4-23 H" sensitivity of NF-mix-PR-HMDS- ZrO2
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Fig. 4-25 The summary of H' and Na' sensitivity in different test structures

H* Ma*
Sensitivity Sensitivity
{(mVipH) {mVipNa)
ZrO2

NF-P3HT

NF-P3HT-HMDS

MNF-PR

NF-PR-HMD3S

NF mix PR

NF mix PR-HMDS

Table 4-7 Summary of H" and Na® sensitivity in different test structures
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ID (UA)

Sensitivity of ISFET/REFET

Zro2-pH-ISFET REFET in Differential Mode
H +/ Na +

H+* NF mix PR-HMDS H+*

Sensitivity 57.89 Sensitivity | 5.8

52.09 / 4.61

Na- HVDS Na-

Sensitivity 15.88 Sensitivity | 11.27

{(mVipNa) (mV/pNa)

Table 4-8 Sensitivity results for the differential ISFET/REFET measurement.

T — S o
a00 L Measured by Glass-RE ] 2.4F Measured by Glass-RE -
Sensitivity = 56.67 mV/pH - Sensitivity = 56.67 mV/pH 1
3 ‘/ /’/ 1
350 F | e pH=13 - - - pH=5 ,/' ,‘,;.’ ! |
| | ----pH=11 — —pH=3 ADASS ! J
300f | = -PH=9 ——pH=1 Sl . 1
| | —-pH=7 A S )
250 | i . o ]
200} : . .
150 f . il
100 '} '} '} '} '} '} '} '} ]

0.0 0.5 1.0 15 2.0 25 3.0 0 2 4 6 8 10 12

VG (V) pH value

Fig. 4-26 The sensitivity of ZrO2-pH-ISFET measure by glass reference electrode
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. 4-27 The long-term stability and sensitivity linearity of ZrO2-pH-ISFET

measured by bare solid-state reference electrode
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Fig. 4-28 The long-term stability and sensitivity linearity of ZrO2-pH-ISFET
measured by NF coated solid-state reference electrode
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Nafion-PR Coated Solid-RE
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Fig. 4-29 The long-term stability and sensitivity linearity of ZrO2-pH-ISFET
measured by NF-PR coated solid-state reference electrode
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Fig. 4-30 The long-term stability and sensitivity linearity of ZrO2-pH-ISFET
measured by NF-mix-PR-HMDS coated solid-state

electrode
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PR mix Nafion-HMDS Coated Solid-RE_II
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Fig. 4-31 The long-term stability and sensitivity linearity of ZrO2-pH-ISFET

measured by NF-mix-PR-HMDS coated

electrode
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