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CHAPTER 1. INTRODUCTION

§1.1. The Purpose of the Research

The ability to measure the pH (the negative logarithm of the hydrogen ion
activity) of harsh fluids such as geothermal oil field brines is important,
since pH is a fundamental property; as one chemist stated: "very often pH is a
critical test because its accu.récy lays the foundation for other measurements"”
[1]. In our research, we focus on the analysis of brines similar to those
found in underground geothermal reservoirs. Since the brines are deep under
the ground, the values of the pressure and the temperature are high (up to 14
MPa and 150°C); therefore the usual methods of pH measurement, e.g., glass
clectrode, are not applicable. The hydrogen ion sensitive ISFET (lon Selective
Field Eftect Transistor) was studied as a pH sensor in this research. An ISFET
can detect the electrochemical potential difference between the solution and
the semiconductor due to the concentration of H™ ions in the solution. Because
of its solid state constuction, an ISFET should work properly under high
pressure and high temperature conditions. Earlier results [2], [3], [4], have
indicated that it 1is possible to use ISFETs under the harsh conditions

presented by geothermal brines.
§1.2. Historical Review of the Development of the ISFET

From the historic;al perspective, electrical engineers and solid state
physicists are the pioneers of the field of the CSSD (chemically sensitive
semiconductor device). Later, electro-analytical chemists and bioengineers

joined in and contributed to the development of this area. There are certain
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advantages which are inherent in solid state chemical sensors: they respond
rapidly, have small size, and because of their solid state fabrication, they

are very stable.

The ISFET is a kind of CHEMFET (Chemically Sensitive Field Effect
Transistor) which belongs to the family of CSSDs. The first report on the
CHEMFET can be traced back to 1970 when Bergveld published his short
communication [5]. One year létcr, Matsuo, Esashi, and Iinuma [6]. reported a
similar device. In 1972, Bergveld [7] published the first full description of
an ISFET sensitive to hydrogen and sodium ions, in which he stated, "The
device makes it possible to measure ion activities without using a reference
electrode.” He used the device for measurement of pH and sodium ion activity
and for recording physiological transient action potentials. He also presented
the electronic circuit and detailed results of the measurement of Na® and H*
ion activities. Matsuo and Wise described another pH-sensitive ISFET in 1974
[8], which basically is an n-channel depletion mode MOSFET (Metal-Oxide Field -
Effect Transistor). Their paper reported the preliminary data on a
field-offset stucture which was used for recording and monitoring ion
concentrations. In Matsuo’s device, there were two layers, one was thermally
grown SiO, and the other was pyrolytically deposited SizN,, while in
Bergveld’s device there was only one thermally grown SiO, layer. The existence
of pinholes in the SiO; layer caused a degradation of its insulating
properties [9] and further made it difficult to formulate a coherent model of
operation of these devices. The difference between Matsuo’s and Bergveld’s
models caused a significant discussion which was important in the development
of these devices. Bergveld did not use an external reference electrode, and he

claimed the reference electrode was not needed for the operation ot an ISFET
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[7}. It was proved theoretically and generally accepted later that the
external electrode reference 1s required for proper operation of a CHEMFET.

Other reports describing pH, pK, pNa and pCa ISFETs [4] have appeared.

Zemel wrote the first review of chemically sensitive semiconductor
devices [10] in 1975. He addressed the principles of the operation and
relationships of MOSFETs, CS8SD, ISFETs, Heterojunction and Schottky Barrier
Structures. Another review focusing on ISFETs was written by Janata and Moss
[11] in 1975. In this article, they presented the theory of operation and the
structure of a potassium sensitive field effect transistor, and compared its
performance with the corresponding conventional PVC-type ion selective
electrodes. They characterized the FET’s performance as a solid state field
effect device and as an electrochemical sensor. They stated: "The transistor
operates satisfactorily in the presence of proteins and it has been used for
deterruination of potassium ion concentration in blood serum.". In 1977, Revesz
[12] presented another paper whi;:h dealt particularly with the role of the
surface states in the mechanissn of the operation of ISFET. A theoretical
analysis of the solution/membrane/insulator/semiconductor structure, supple-
mented by a thorough experimental study of the system, was published by Buck
and Hackleman [13]. The promising features of CHEMFETs have attracted many
scientists and research groups to the field, e.g.,, J. N. Zemel, J. Janata and
R. P. Buck in the USA., P. Bergveld in the Netherlands, T. Matsuo and T.
Akiyama in Japan, A. Sibbald in England, Yu. G. Vlasov in the USSR., K. Nagy

and T. A. Fjeldy in Norway.

In 1984, Morf, Oggenfuss, and Simon [14] reported a "unified approach to

the theory of ion-selective liquid membrane electrodes”. In their paper, the
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potential response and selectivity behavior towards monovalent cations and
anions was described for rembranes containing different ion-exchange sites and
neutral carriers. In the same year, Janata gave a lecture [15] on the
application of CHEMFETs in analytical and physical chemistry, and reviewed the
technology of the preparation of CHEMFETs. At that time the average lifetimes
of membrane-based ISFETs had exceeded sixty days. Later, in 1987, Van Der
Schoot and Bergveld [16] in a short communication on the pH-Static Enzyme
Sensor, reported an ISFET-based urea sensor combined with a noble-metal
electrode which provided for continuous coulometric titration of an enzymatic
reaction. In 1989, Alear Kirkpatrick and Hertz [2] published a paper which
described a method for ir-situ pH monitoring of rainfall and the compensation
for the effect of temperature. In 1990, Knauss, Wolery, and Jackson (3]
published a letter which proposed an operational and theoretical approach to
dealing with pH in brines and other concentrated aqueous solutions. They used
several different ion selective electrodes correspending to different types of
ions. The potential measured was pr-oportional to pHCl = pH + pCl or pH/Na =
pH - pNa depending on the type of the other electrodes. Then they used the
Pitzer equation to compute a thermodynamic model of the solution, as they
stated "A pH scale convention is then used to decouple pH from pCl, pNa, pBr,

etc.". The direct coupling of chemical and electric fields in the gate opens
new classes of sensors. Thus, changes in electron work function can be
analytically utilized and the work function of various materials can be

directly measured.

Recently, other applications have been made in biomedical science [17],
[18], geological science [3], [4], chemical engineering, physical chemistry
[15] and many other fields. As the technology improved [1], [19], [20], [21],
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[22] more sophisticated |, _obes have been designed for more specific tasks. The
progress of the materials selection and deposition technique of ion-selective
membranes [14], [20] has improved the stability and ion selectivity, and
further expanded the applications of ISFETs. The desire for in-line monitoring
of the ion concentrations and development of multi-species probes [17], 18],
[23] appears to be the trend in the development of ISFETs. Durability, fast
" response time, and small size are the advantages that the ISFET brings to

these problems.
§1.3. The Research

In our research, we used ISFETs in NaCl solutions of varying pH values
and measured the ISFET output signal which was amplified by a linear
amplifier. A heated pressure cell was designed and built to simulate the high
temperature and high pressure conditions found in the geothermal brines. The
pressure cell can generate a pressure more than 176 MPa and the heater can
heat the sample to over 240 °C. We have measured the pH of brine solution as a

function of pressure to 40 MPa and temperature to 70°C.



CHAPTER 2. ISFET
§2.1. The Structure of ISFET

The stracture of an ISFET is shown in Figure 2.1. « is an n-channel
depleton mode FET. A conducting channel is formed by the interface of a
semiconductor and an insulatcr on the semiconductor side in response to ions
passing through the membrane. The source region is t+. :lectron supplier and
the electrons drain from the drain region. It is the membrane covering the

ISFET which provides the device its ionic selectivity.

\Y
| 9
A
Reference
Electrode
“ l
) Solution
Encapsulant
7 Z Z >
/ ID
~type Source n-type Drain
p-type Substrate
1l
11
Vo

Figure 2.1 ISFET. § , insulator; Z , metal; |j , membrane

The structure of an ISFET is
metal (external electrode reference)/membrane/insulator/semiconductor.

It can be simplified to a metal/insulator/semiconductor (MIS) structure, the
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most basic structure of IGFETs (Insulated Gate Field Effect Transistor). The

purpose of this chapter is to discuss the MIS structure then extend it tc

IGFETs and finally to include ISFETS.

1. The Ideal MIS Structure
Figure 2.2 shows the MIS structure. The characteristics of the ideal MIS

structure is defined as:
(1) The electron work functions W, of the metal and W, of the

semiconductor are equal, i.e., W, = Wo-W, = 0.
() The insulator is a perfect insulator, thus, there is no charge

distribution in the insulator and no charge transport through the insulator.

(3) There are no surface states for semiconductor, i.e., the ideal

semiconductor band structure extends to the surface.
For the ideal MIS structure, when no voltage is applied on the gate (Vg =

0), the encrgy band structure of the semiconductor is flat, as shown in Figure
2.3. But if Vg # 0, the band structure of the semiconductor will be bent, and
the Fermi levels of metal and semiconductor separated by qV, as shown in
Figure 2.4.

There are three biasing conditions (Vg < 0, Vg > 0, and Vg >> 0) which

are described below (We consider the p-type semiconductor here; the n-channel

FET will be discussed later).
to the

(1). Accumulation: For Vg
semiconductor-insulator interface on the semiconductor side. The semiconductor

< 0, additional holes are attracted

behaves like a conductor.
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Insulator Semiconductor

Figure 2.2 MIS Structure

Eq,Vacuum Level

: 1
ax
f Qx
L qW,
E.
qW, . |
qPg Ej2
>
qQ®r
L Er
E,
Metal Insulator Semiconductor

Figure 2.3 Ehcrgy Band Diagram of an MIS Structure for p-type Semiconductor
q, the electron charge; W, the metal work function; W, the scmiconductbr
work function: &g, the barrier potential; &, Fermi potential; Eg band-gap
energy, Y% electron affinity of the semiconductor; Y%;, insulator electron
affinity; E., semiconductor’s conducting band; E;, semiconductor’s intrinsic

band; E,, semiconductor’s valence band



Metal Semiconductor
\ E,
V., <0
g L \ E,
: Er
\--=-===-=-----=----" E
$++++++++++++++++++"
I ACCUMULATION
/ Ee
E;
1 = =
Vg>0 ------------------- E
l f++++++++++++++++++"
DEPLETION
E
/ (]
J/
/ E;

_7++++++++++++++++

INVERSION

Figure 2.4 The Energy Band Diagrams of an MIS Structure with p-type

Semiconductor Different Biasing Conditions

(2). Depletion: For Vg > 0, holes are repelled from the semiconductor-
insulator interface and immobile negative charge accepter atoms are left. Thus
the semiconductor behaves much like an insulator. According to electrostatic

theory, the energy bands of the semiconductor shift up, as shown in Figure
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2.4.

(3). Inversion: For Vg, >> 0, when Vg is sufficiently large, the energy bands
of the semiconductor will be bent so much that the intrinsic level, E,, will
cross the Fermi level, Ep. That means Er-E; > 0 necar the insulator. In
general, the hole density, p, and the electron density, p,, depend

exponentially on the value of £(E; - E;), that is,

oy, = expl(E; - Ep)/2KT] , and
pe o expl(Er - E;)/2KT].

When Ep -E; > 0, the electron density is so great that p, will exceed p,
near the semiconductor insulator interface. The band displacement, E;-E,,
reaches its maximum value, q®;, at the interface. Here q is the charge of the
elecron and @ is the Fermi potential. Thus, a conducting ‘electron layer’
exists on the semiconductor side of the semiconductor-insulator interface.
Now, the p-type semiconductor behaves like a n-type semiconductor. This is
called "semiconductor inversion”. When the band displacement reaches 2®; the
conditicn is called the ‘strong inversion’. The voltage V, producing strong
inversion is called the ‘threshold voltage’, labeled V;. This is an important
parameter because under strong inversion, the band displacement of the
semiconductor reaches its maximum value. When Vg > V;, the electron density at
the semiconductor-insulator interface increases as V, increases but the band
displacement will not. This inversion biasing condition is emphasized because

the FET works under this condition.

For the ideal MIS structure, V; is given as Vi = - Qs 20, (1)
0
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where Qg is the surface charge density of the charge region and G, is the
capacitance per unit area of the capacitor formed by the metal and

semiconductor in the MIS structure.
2. The Threshold Voltage of Non-Ideal MIS Structure

In the non-ideal MIS structure, there are three non-ideal effects which
must be considered: |
(1) Wpoo = W, - W, # 0, ie, there is a work function difference between metal
and semiconductor. It means there is a charge flow that exists between metal
and semiconductor. (2) Since the insulator is non-ideal, there is a charge
distribution of density p’(x) in the insulator which induces an image charge
distribution in both metal and semiconductor. (3) There is a dense pcsitive
charge layer, Q.. at the insulator side of the insulator-semiconductor
interface. This Q,, is due to the non-ideal effect of the MIS structure.

p’(x) can be wrtten as

P’ (X)=p(x)+5(d)Qs

where 8(d) is a delta function.

Considering these non-ideal effects, the threshold voltage can be

modified -as
V=Vt 20, — —28, 2)
where °
V= = 1 [2X poax + Vo - Qs
Co 70od e Co

d is the thickness of the insulator, and x the position along the axis shown

in Figure 2.2.
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Vrg is the non-ideal-effects modification term. If Vo were applied to a
non-ideal MIS structure, then 1ts band structure could be considered
equivalent to a flat band structure without any applied external voltage. The

subscript FB implies the Flat Rand.
§2.2. The Operational Principle of the IGFET and the ISFET

1. The IGFET

Vg

72

NN

v

n-type
Drain

n-type
Source

p-type Substrate

Figure 2.5 Schematic Diagram of an IGFET. Z , metal; § , insulator

The structure of an IGFET is shown by Figure 2.5. It is essentially an
MIS structure. From the analysis of the MIS structure in §2.1, we know that

the operational principle of the IGFET is the modulation of electrical
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conductivity of the surface channel by the applied voltage Vo

As shown in Figure 2.5, both the drain and the source regions of the
IGFET are n-type semiconductors. They form p-n junctions on the interfaces
with the p-type semiconductor substrate. Under depletion or accumulation
biasing conditions, there is no electric current between drain and substrate
or between source and substrate because of the reverse biased p-n junction, so
drain-source current is zero. Only when Vg is sufficiently large to make the
semiconductor invert is the c.onducting channel formed (Figure 2.6), and the
drain voltage V, upplied between drain and source causes drain current I, to

flow in the conducting channel.

I .
i T —

p-type Substrate

Figure 2.6 IGFET Conducting Channel. Z indicates the metal

indicates the conducting channel
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According to Ohm’s law, the potential difference- dV across an

infinitesimal distance dy between the source and drain is given by

dV = I,dR =—1ody 3)
b AQn(Y)
where dR is the resistance across dy, b is the width of the channel, pu, is the
. electron mobility in the channel, and Q,(y) is the charge density of mobile
electrons in the conducting channel.
In addition to the mobile electrons. there are also ionized dopant atoms
of charge density Qg(y) in the surface charge region. We thus have a total
surface charge density Q.(y) given by

Qs(y) = Qu(y)+Qs(y) -

As a result,
Vg~Vra='— —95""1’: ’

0

where @, is the surface potential of the semiconductor. Hence,

Q)= - [Vg= Vra - 2, 0]Co - Q) - @
For strong inversion,
O,(Y)=V(y)+20r ,
where V(y) is the voltage drop along the channel.
Under the depletion approximation, which assumes that there are no mobile

charges in the space-charge regions, Qp(y) can be written as

Qs(y)= - {2K eoqN V(#2012 (5)
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where K, is the dielectric constant of the semiconductor and N, is the number

of the dopant atoms per unit volume. Then Q,(y) becomes

Qu(¥)= = [Vg - Vrs = V() - 28] Co+{2K £eaNu[ V(1)+20 ]} 72 . (6)
Note that VemVig#20p — —28; thus Vegt2®p=Vy — 28
Co C,
and Q,(y)=~[Vg=- V1 -VIWIC, .

The mobile electron density, Q.(y), in the inversion layer surface thus
becomes a linear function of (Vg —Vy) when Vg > Vg, the latter given by the
equation (6).

From Ohm’s law,

gv= _J1ody
b, Qn(y)

Combining the two previous equations and integrating (note that in most cases

V. can be treated as a constant although it is a functon of y), we have
_ b \
To=t,Co — [(Vg - VDV - —2—] [Vo<Vosal » Q)

for drain voltages below saturation, and

b(Vg - V'
2L

I=p,GCo [Vp>Vosarl » )

above saturation. In Equation (7)-(8), L is the le~gth of the channel.

Fuﬁhcr, V'r = VFB + 2¢F - & and VFB = d)ns - 253; thuS, VDSAT = Vg - VT .
0 0
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where Vpgr is the threshold voltage of the saturation of the IGFET.
Saturation means that when V, is sufficiently large, V, 2 Vyqr, Iy will not
increase as V, does. Figure 2.7 illustrates the saturation condition of the

IGFET and Figure 2.8 shows the I)-Vj characteristics curve of the IGFET.

2. The ISFET

Compare Figure 2.1 (the structure of the ISFET) and Figure 2.5 (the
structure of the IGFET). The differences between them are that the gate in the
IGFET is replaced by a ‘remote’ reference electrode in ISFET, and there is an
ion-sensitive membrane on the top of the insulator and an encapsulant which
protects the ISFET. A potential difference between the membrane and the
semiconductor must be considered.

The ISFET can be considered to have six phases in a single mutiphase

system. From the Gibbs’ equation,

where dn, is the number of species i which are transported across each of the

interfaces, d; is the electrochemical potential of species i. At equilibrium,

oot
n
£t
N
m
[
w
wm
o
W
&

€)
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_____| |
——:_--_ Insulator
o—type T T " n-t}:pe
Source Space Charge Drain
A
[ Y p-type Substrate
Figure 2.7 IGFET Saturation
Unsaturated N Saturated
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Figure 2.8 I,/V, Curve of the ISFET
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Switch
0 ite
1 2 3 4 5 6 ——|
Reference Solution | Membrane | Insulator | Semi- Connecting
Electrode conducto. jPoints
+
Charge & e gi—8 N )
Field }- a—
Potential ————
e r—————————
1 ; ‘

Figure 2.9 Charge, Field and Potential Profiles of the ISFET Gate

In Figure 2.9, box 1 reprcsenfs the reference electrode, a metal which is

described by the equilibrium equation:
M= M+,

Box 2 stands for the solution which contains the ions to be detected. Box 3 is
the membrane which is on the top of the insulator. Box 4 is the insulator
which is assumed to be an ideal insulator. Box 5 indicates the semiconductor
such as silicon. Box 6 is the metal that forms the connecting points of the
drain and source poles.

Note that in is since there is

Equation (9),

electrochernical potential in the ideal insulator. Equation (9) can only exist

a missing, no
(the equilibrium state) when the switch (in Figure 2.9) is closed. If the
switch is open, which means the absence of the clectrode reference, there is

no way to let d; equal to #s; therefore, the system cannot reach equilibrium,
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this means that the FET cannot operate. Thus, a reference electrode is the
basic requirement for the operation of an ISFET.

The inner potential of the semiconductor is

Us"'}-(asc*ase) :
F
The superscript e indicates the electron, as is the electron-lattice
interaction energy in the semiconductor, &; is the electrochemical potential
of an electron in phase 5, the Fermi level, and F is the Faraday constant.

The inner potential of the membrane U; is
Us= ——(83 - &),
ZF

where the Z' is the number of clementary charges, it is positive for cations
and negative for anions. 5; and a3i are the electrochemical and the chemical
potentials respectively of species i in phase 3.

Therefore, the potential difference of the space-charge regions across

the insulator is

Adgy = AUss = Us-U; = .L[(a;_ag =

La-d1. o
F Z

Since ion i can transfer from the solution to the membrane, at equilibrium we
have
il = 4/ = d+Z'FU, , and &5 = 5°= a; -FU, , (11

+ +
: - M M
Since M,=M%¢ , &} = 4} +a,, hence & = - a .

Substituting a; in to equation (11), we have
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i =a;- 4 -FU, . (12)
Combining equations (10), (11) and (12) yields

AUss =L (a5t + alf)- ——(ap—at )+(U;-Uy) . 13)
F Z'F
Note that
-L—(a;-a?% aM) =;‘:—(a;—a:> = Us-U; = -AD,,

so the first term of equation (13) is the negative value of the contact
potential, —A®,, between the semiconductor and the metal. By using the Nernst
equation, the second term of equation (13) can be written as

R

1 (a;'asi)=Eoi+ -

. lnaiz.
Z'F Z'F

Where a,i is the ion activity in the solution. The ion activity of the
membrane, a3i, is assumed to be constant and is included in Eoi.
The last term of equation (13), (U;-Uy), is the reference electrode

potential E,... Thus, rewriting equation (13), we have

RT

AUss = - A®, - Ep - ——In0p +Er - (14)

Since AUs; is the potential difference between the membrane and the
semiconductor, AUs;s = —AUs; should be added to Vg, when we consider the
relationship between the drain current and the drain voltage. Then equation

(7) becomes

L = BCobVo (v, 4+ A®s Eg + S Inag - Eper + Qs _ 2, + -2 _ o)
L Z'F Co Co 2
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and the threshold voltage of the ISFET is re-defined as

Vo= - Ad, - Eo' Qers 20, -
Co Co

The final equation for the drain current of the ISFET sensitive to the

activity of ions i is

bV R : v
I, = _&Eg!:_g (V- Vp 2 z -Tp InG; ~ Brep = —2 )\ [Vo < Vpsarl (15)

oL (Vg -V ZR.'II; Inat; - E,f) IVp > Vpsurl.  (16)

a.nd ID =

§2.3. ISFET Selectivity

Selectivity refers to the fact _that the sensor has the ability to respond
primarily to only one species of ions while there are other species of ions
present. The sensor output is a combination of the contributions of the
interactions of several different kinds of ions. The primary contribution is
from one dominate species S, and the effects of the other species of ions
(interfering species) can often to be minimized. This may be represented by

the expression

Var = VS, Z,S)) .

In the case of an ISFET, ion selectivity results from the ion selective
membrane. The membrane has a permeability to certain kinds of ions. When the
electrochemical potentials of the ions are the same on each side of the
membrane, the system reaches equilibrium. The partitioning of the iens between

the solution and the membrane results in a potential difference, Eqyr, between
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these two phases. So, Eqyp is related to the activities of the partitioning
ions rather than to their concentrations. Generally, Eqyr can be expressed by
the Eisenmann-Nikolskij equation [24]

Egp= L In(a+2, Ky, oy 2% ), 17)
J

where R is the gas constant, T is the absolute temperature, K, is the
selectivity coefficient, a unitless constant that may be determined by the
comparison of the electrode response to a solution containing only the primary
ion at activity o; with that containing o of the interference as well as «;
of the primary ion. j and k indicate the dominate and interfering species of
ions, respectively. Z; is the charge number of the species j iou, and @ is
the ionic activity of j ions. Egy is superimposed over the reference
electrode potential. It is this term that brings ion selectivity.

The 1,-V, relationship thus can be expressed as

Yy, RT

In(a+EK; ;2% @18)
Z,F

I, = HeCo®Vo [v__v;-E,, -
L

When temperature is fixed, E,; is a constant, thus Vg is a constant. Assuming

that oc- in the solution does not change, then E,. becomes a constant [25].

Under constant I, and V; operations,

Vo= Vg = B - RL In(ape DK, @ %),
Z F

D ) Vi + Epep + Vb s a constant.
2

It is this V,,, that is measured in the experiments that follow.
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CHAPTER 3. EXPERIMENTAL

This chapter describes three main systems: (1) The ISFET pH probe which
consisted of a Ag/AgCl reference electrode and an ISFET. This part will be
described in §3.1. (2) The temperature and pressure control systems whose
function was to provide the high temperature and high pressure conditions in a
test cell. Since the pH value is a function of temperature and pressure, it is
a very important part of the experiment, and will be described in §3.2. (3)
The data collecting system which consisted of an amplifier and a precision
multimeter (Fluke); they will be discussed in §3.3.

Three' groups of experiments were performed. They were measurements of the
ISFET’s output as a function of (1) time at fixed pH; (2) temperature at

atmospheric pressure; (3) pressure at several temperatures.
§3.1. The pH Probe

1. Reference Electrode

The Ag/AgCl reference clcctro&cs were prepared from a silver wire (one
millimeter in diameter) which was electrochemically coated with silver
chloride. The fabrication procedure consisted of two steps:

(1). An apparatus was set up as shown below:

Anode \Y Cathode

Silver

Platinum
NaCl Solution

Figure 3.1 Preparation of the Ag/AgCl Reference Electrode
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(2). The voltage V was increased very slowly until tiny H, bubbles
appeared on the platinum cathode. The reaction was allowed to proceed at this
voltage until the silver wire was uniformly coated with AgCl. This completed
the electroplating.

The anode reaction is

2Ag(‘) + 2H(;) + 2Cl(g_) ——-——-)-ZAgCl(s) + Hz(g).

2. The ISFET Probe

As shown in Figure 3.1, the ISFET and the Ag/AgCl reference electrode
were mounted together to form a probe. Epoxy resin was used to fix the ISFET
and Ag/AgCl reference electrode in the shell of the probe. The epoxy was
applied in such a manner that it covered every part of the lead wires of drain
and source poles but not any part of the membrane of the ISFET. If the lead
wires were exposed to the solution, thermal expansion would loosen the sealant
between the wire and the physical part of the ISFET, allowing solution to
enter the ISFET and destroy it. If any epoxy was put on ihe membrane of the
ISFET, it would prevent contact between the membrane and the solution. 'I'hc
epoxy forms the pressure seal for the probe. A three lead connector was used
to connect the Ag/AgCl reference electrode, the drain and source leads of the
ISFET. To reduce the noise, shielded wires were used to connect the probe to

the amplifier.
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Figure 3.2 The pH Probe



§3.2. The Pressure and Temperature Control System

These system were used to control the temperature and the pressure of

test solutions. The system is shown in a block diagram below:

Temperature The?mocouPle High Pressure

Pressure High Temperature
Pressure Cell

Controller Transducer

Figure 3.3 The Pressure and Temperature Control System

1. Pressure Control System

(1). The high pressure and high temperature cell:

A high pressure/high temperature cell was designed by Dr. D. F. Keeley
and made as shown in Figure 3.3. The diameter of the piston is one and half
inches (about 0.0381 meter). There are four ports in the wall of the cell
which were used to put an ISFET probe, a pressure transducer and the other
“kinds of sensors in the cell as needed. An Omega iron/constantan J type
thermocouple was put in a small hole in the wall of the cell. A channel and a
screw on the piston were used to bleed the solution so that any air in the
solution can be forced out of the cell. Figure 3.4 shows the high pressure

cell with pressure transducer and thermocouple assembly.
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(2) Pressure generator

A Carver Laboratory Press (Model: M) with an adjusting range from zero to
200 kN was applied to the piston to produce the high pressure, thus the high
pressure cell can generate a pressure of more than 176 MPa. A hydraulic
controller preset and automatically maintained the pressure. An Omega
PX303-10K65V pressure transducer was put in the high pressure cell in order to
measure the pressure. The pressure transducer was calibrated by M-Tec/Rise,

Inc. using dead weight test, and' the curve is shown in Figure 3.8.

2. The Temperature Control System

A heating tape and an Omega CN7100 temperature controller were used to
raise and control the temperature of the cell. The tape was wound on the high
pressure cell and a thermocouple was put in the small hole on the high
" pressure cell as shown in Figure 3.5. The temperature could be adjusted over
the range of the experiment (from room temperature to 250°C). The thermocouple
was calibrated by a CMS precision thermometer and the calibration data and

curve are shown in Table 12 and Figure 3.9.
§3.3. The Measurement System

1. Amplifier

The function of the measuring circuit is to detect and amplify the
electrochemical potential changes between the semiconductor and the solution.
The ISFET should work under maximum ion sensitivity, ie., a every small
change in ion concentration of the solution should be reflected in a drain
current change of the ISFET. This requires that the ISFET is unsaturated and

under strong inversion since when the ISFET is saturated, I, will be a
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constant no matter how V, changes. On the hand, when the FET is strongly
inverted, the semiconductor yields the maximum number of mobile electrons, and
the channel has the maximum conductivity. Under this situation a change in the
activity of the ions in the solution will be reflected as a change in the
number of mobile charge carriers in the conducting channel (field effect).
There are two types of measuring methods: (1) constant gate voltage Vg
operation: the gate voltage Vg is held constant and the change of drain
current is measured directly; and (2) constant drain current I, operation:

varying the gate voltage such to hold drain current constant.

Vp
| F

ISFET R £

Amplifie
Vout

.. Reference
Vo — Electrode

Figure 3.6 Schematic of Circuit Diagram for Constant V4 Operation Amplifier

(1). Constant Gate Voltage Operation

The circuit diagram is shown in Figure 3.6. Although the technique is
simple, this design has a disadvantage in that the ISFET is not an ideal
device, non-ideal effects will cause the relation between the drain current

and system voltages to be different from that predicted by the Equation 15 in
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Chapter 2. This requires a calibration over its total operating range. For any
different configuration, the different calibration is needed.

(2). Constant Drain Current Operation

In this mode of operation, the change of electrochemical potential
between the solution and semiconductor is read out directly. Using an
operational amplifier with a feedback loop, a change of voltage resulting from
the change of ionic activity will be reflected as a change of gate voltage,
thus the drain current can be held constant. In this situation, any non-ideal
effect will be held constant, so the calibration is not necessary for every

design. The circuit diagram of constant drain current operation is shown in

Figure 3.7.
Drain Lead
Source Lead g/AgCl
b | eference
ISFET lectrode

1 —

Ri Operational
Amplifier

vout

Figure 3.7 Principal Circuit Diagram of the Amplifier
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In our experiment, the ISFET output signal is processed by an amplifier
which was bought from Chemfet Corp.. The amplifier, shown in Figure 3.7,

operates with a constant drain current.

2. Data Collecting System

At the beginning of the research, we used a computer data collecting
system. The system consisted a DAS-8PGA eight-channel data interface board and
LABTECH Acquire software which was run by an AT personal computer. The
advantages of this system are that sampling rates can be precisely set and
that all data acquisition and data analysis was part of or read into the
software. We found that there were some disadvantages of the system. There was
some unknown noise which was difficult to eliminate, and with the Acquire
software there was a nine hours and six minutes running limit (no matter how
the sampling frequency was set). We wished to run a much longer term of
measurement. ‘Wit,h these disadvantpgcx, we abandoned this system and used a

precision multimeter to measure the output voltages.
§3.4 Experiment

A series of sodium chloride solutions buffered to pH values ranging from
4 to 10 were prepared using NaH,PO.H,O as the acid and Na,HPO,-7H,0 as the
base. The concentration of the reference salt NaCl was 0.1 M. The buffer
strength was 0.05 M. A CORNING pH meter (model 10) was used as a calibration
device.

The first five ISFETs received from Chemfet Corp. were labeled 1-5 and
were calibrated using the buffer solutions. The results are shown below. A

later group we received had a manufacturer’s reference number which was used
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to identify them.

FET No: Slope (V ..(V)/pH unit)
1 0.0464
2 '0.0434
3 0.0469
4 0.0470
5 0.0467

The results for the calibration of ISFET 3039 is in Tabl> 13 and Figure
3.28-33. Data analysis was perfori.ed and the results are shown on the figures.
The data indicates a linear relationship between the ISFET output and the pH

value.

1. Stability Tests of the ISFET:

The first long term test (labeled S-1) was made from Jan. 9, to Jan. 19,
1990, using ISFET 3 in a pH 4.05 buffered solution. The sampling frequency was
eight hours. The temperature of the solution was maintained at 25°C in a
thermostated constant temperature bath. A precision multimeter was used to
measure the ISFET output V. The result is presented in Table 1 and Figure
3.10.

The second, longer stability test (labeled S-2) using ISFET 3039 was made
from Dec. 18, 1990 to Mar. 13, 1991, in a pH 5.29 buffered solution, sampling
about every twelve hours. The buffered solution was put in the high pressure
cell but was neither pressured nor thermostated. The results are shown in

Table 2 and Figure 3.11.
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2. ISFET Output as a Function of Temperature:

These experiments were performed at atmospheric pressure. The temperature
of the solution was controlled by a constant temperature bath. Due to the
ISFETs' failures during these experiments, we did not obtain much data under
these conditions. The malfunction of the ISFET may have been due to improper
fabrication of the ISFET, the drain and source leads of the ISFET may have
opened due to thermal expansion or the solution may have entered the physical
part of the ISFET and shorted it.

Experiment T-1: A pH probe (labeled R) which was provided by Chemfet
Corp. was used in this experiment with pH 4.05 buffered solution. The result
was tabulated by Table 3 and Figure 3.12.

Experiment T-2: ISFET 3021 was used with pH 5.26 buffered solution. The
result was shown in Table 4 and Figure 3.13.

3. ISFET Output as a Functiqn of Pressure:

There are two sub-groups of experiments:

(1). The temperature of the buffered solutions were not thermostated. The
experiments were performed at room temperature, around 25°C.

A precision multimeter was used to measure the outputs of the ISFET probe
and pressure transducer. ISFETs 3041 and 3049 were used in these experiments.
Different pH values of buffered solutions, pH=5.26, 6.27 and 7.29, were tested
under room temperature using ISFET 3041 and the experiments were repeated.

In an another experiment, the output of ISFET (3041) in a pH 6.84
buffered solution was measured as a function of pressure, and the results are
shown in Table 5 and Figure 3.14. Table 8 and Figure 3.21 show the experiments
with ISFET 3049 in a pH 6.27 buffered solution.

The experiments are listed in following table:
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Label Experiment Results shown in
P-1 ISFET 3041, pH 6.84, 6/7/950 Table 5, Figure 3.14
P-2 ISFET 3041, pH 5.26, 6/13/90 Table 6, Figure 3.15
P-3 ISFET 3041, pH 6.27, 6/13/90 Table 6, Figure 3.16
P-4 ISFET 3041, pH 7.29, 6/13/90 Table 6, Figure 3.17
P-5 ISFET 3041, pH 5.26, 6/15/90 Table 7, Figure 3.18
P-6 ISFET 3041, pH 6.27, 6/15/90 Table 7, Figure 3.19
P-7 ISFET 3041, pH 7.29, 6/15/90 Table 7, Figure 3.20
P-8 ISFET 3049, pH 6.27, 8/15/90 Table 8, Figure 3.21

set

(2). The temperature of the test solutions in the high pressure cell were

and maintained by the temperature controller. At six different

temperatures, between 26°C and 70°C, the ISFET output was measured as a

function of pressure, The pH of the solutions was either 5.26 or 6.27. The

results of the experiments are shown below:

Label Experiment Results shown in
PT-1 ISFET 3041, pH 5.26, 40°C, 7/6/90 Table 9, Figure 3.22
PT-2 ISFET 3041, pH 5.26, 50°C, 7/6/90 Table 9, Figure 3.23
PT-3 ISFET 3041, pH 5.26, 60°C, 7/6/90 Table 9, Figure 3.24
PT-4 - ISFET 3041, pH 5.26, 70°C, 7/6/90 Table 9, Figure 3.25
PT-5 ISFET 3049, pH 6.27, 26°C, 8/16/90 Table 10, Figure 3.26
PT-6 Table 10, Figure 3.27

ISFET 3049, pH 6.27, 37°C, 8/16/90

§3.5 Data Analysis

Since the measurement devices were

not ideal devices, there were
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measurement errors in the data. Therefore, all of the data was considered to
be random variables. We used linear regression to analyze these data since
they seem to be linear from the graphics. The statistical results confirm
this.

In order to show these linear relationships analytically, we employ two

statistical tests: coefficient of correlation R and t-test.

1. Linear Regression
This method of curve fitting is one of a number of processes in
mathematics which use finite differences. We can find a best fit straight line
for a set of sample points by using this method. Suppose that we have n points
X, X,..X, and Y,/Y,..Y,) and want to fit them into a straight line,
Y=a+bX ,
to them. 9, is defined as

81=¥1 b (a"“bX‘) .

So D=3 82 =3 (Y, -a-bX,)* .

i=1 i=1

We can then choose a and b to yield a minimum D, such that Y=a - bX is the best

fit straight line of these n points {X,, Y,}, The minimization is performed

by setting
8D 3 _2(y,-a-bX,)=0,
da i=1

and 8D _5 _2x,(Y,-a-bX,)<0 .
ab i=1

Collecting terms



na+by X;=2 Y,

i=1

n n n
and a¥ X+bY X2=3 XY, .

i=1 =1 =1

Then, we have

_ SSXY
ssx?
and a=Y -bX ,
- n - n
where X=¥ X/n, and Y= X Y;/n ,

i=1 i=1

n n n
SSX},=Z XiYi - _Z'K'!E‘}"‘i =E Xiyi —Xz Yi ’

i=1 n i=1 i=1

n - 2 n n
and ssxi=% x2- (XD -y x2 X3 X, .
i=1 n i=1 i=1

The Standard Deviation of the Estimated Y is defined as

Z(Y,-a-bX;)

s(Y)=[-=- ],
n-1

and the Variance of Slope b is
s*(b)=s*(Y) S8X*
and the Variance of Mean of Y is
sH(Y)=s*(Y)in .

The Coefficient of Correlation is defined as
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SSXY

v SSx2S§SY?

R=

So, if R*= 0.9, we can say that 90% of the varation in the data is explained
by the line Y=a+bX. We also can check with a correlation coe‘ficient table,
Table 14 [26], to see if there is a correlation between X and Y.

The confidence limits of the, say, mean of the Y’s is:
?-—_-—ﬁAs(Y-) ’

where t, can be obtained from t-table [27] and A is the percent confidence

range.

2. Analysis

A confidence range 95%, A=0.05, was chosen in data analysis below.
Details of the calculations are shown under stability tests and only in
tabular form there after.

(1). Calibration of ISFET 3039

In Figures 3.28-3.33, we can see that R*> 098 for all of six sets of
data. So, wé say that over 98% of the data were presented by the best fit
lines. Since R > 0.99, from Table 14, we know that for two degrees of freedom
we say with 99% confidence that the output of the ISFET has a linear
relationship with the pH value.

(2). Stability Tests of ISFET

Using the data in Figure 3.9 and Table 1 and performing a regression
analysis, we have R%= 0.83, R = 091, n =29. According to Table 14, we are
over 99.9% confident that the relationship between the ISFET output and time
is a linear function; 83% of the data points are presented by the best fit

line:
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V.. (V) = 9.88964x107°t+3.1489

Choose A=0.05, that is, 95% of confidence, the degrees of freedom,
n-1=28. Refer to a t-value table of a statistics book [26], t,=2.05, thus the

confidence limit of V, is:

OV ou=tas(Vou)=2.05x0.003705=0.00769 V ,
Sb=t,s(b)=2.05x0.000009=1.845000x10 ~*V/hours .
So, we can say with 95% confidence that:

V., =9.88964x10™°1+3.1489+0.00769 V ,

and b=(9.88964+1.84500)x10" > V/hours.

E.N.* n R? 8V, (V) 8b (V/hours)  %o** Best fit line
S-1 29 0.830  0.00769  1.845x10°°  99.9 V.,.=0.00010t+3.14890

S-2 160 0.991  0.00172 _ 1.980x10°  99.9  V,,=0.00015t+2.17270

* E.N. is the experiment label defined in §3.4.

** 9% represents the percentages of confidence in the linear relationship
between V , and time t.

(3). ISFET Output as a Function of Temperature

ENN. n RY 8V, (V) &b (VPC)  Tox** Best fit line

T-1 8 0976  0.02272 0.00070 99.9 Vou= - 0.00459T+3.26355
T-2 13 0.983 0.00419 0.00012 99.9 V= -0.00141T+3.25390

*xx O represents the percentages of confidence in the linear relationship
between V. and temperature T.

(4) ISFET Output as a Function of Pressure

(A). For those experiments performed in unthermostated buffer solutions:
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EN. n R? 8Vou(V)  OSb(V/MPa)  %* Best fit line

P-1 14  0.988 0.00078 0.00002 99.9 Vo= —0.00028P+2.51940
P-2 10 0971 0.00153 0.00005 99.9 Vou= - 0.00034P+2.61836
P-3 10 0.847 0.00273 0.00009 99.9 Vo= - 0.00027P+2.66397
P-4 10 0.968 0.00138 0.00004 99.9 Vo= —0.00028P+2.72272
P-5 10 0.683 0.00427 0.00013 99.0 Vou=—~0.00024P+2.63516
P-6 10 0.941 0.00104 0.00004 99.9 Vou= - 0.00017P+2.68909
P-7 10 0.681 0.00455 0.00014 99.0 Vou= —0.00026P+2.74772
p-8 10 0.703 0.00242 0.00006 99.0 Vou=-0.00012P+2.68798

(B). For the experiments taken in thermostated buffer solutions:

E.N. n R? 8V (V) 8b(v/MPa) %* Best fit line

PT-1 11 0964  0.00390  0.00011 999  V_,=-0.00077P+3.25249
PT-2 11  0.877  0.00520  0.00014  99.9  V_,=-0.00052P+3.16325
PT-3 11  0.856  0.00486 -0.00014  99.9  V,,=-0.00045P+3.08956
PT-4 11 0938  0.00379  0.00011  99.9  V,,=-0.00057P+3.05324
PT-5 7 0673 001642  0.00053 950  V,,=-0.00069P+2.69909
" PT-6 6 0915 000717 000024 980  V,,=-0.00061P+2.66953

* % represents the percentages of confidence in the linear relationships
between V,,, and pressure P.
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CHAPTER 4. CONCLUSIONS
§4.1. Conclusions

1. The Relationship between V_, and pH
The ISFET Output in Figure 3.7, is equal to Vg
From Equation 15 in Chapter 2, when I, is a constant, the relationship

between Vg and a; is
RT

lnazi .
Z'F

Vgac -
According to [25], ai = fIH* ], therefore,

Vou=Vy= —In[H'] = - JoglH]
log e
hence, V.. = PpH. So, thcoretica}ly speaking, there is a linear relationship
between V ,, and pH value.
Our experimental results (Table 13 and Figure 3.28-33) support this
expectation. We are 99% confident that the relationship between V,, and pH

value is linear from the experiment.

2. The Relationship between V_, and Temperature

According to §3.5 and, Figuré 3.12 and 3.13, the linear relationship
between V., and the temperature is over 99.9% sure. Furthermore, the data are
over 97% represented by their best fit lines, we can therefore conclude that
there is a linear relationship between V,, and the temperature from 25°C to
60°C.

The slopes of the best fit lines are —4.6(mv/°C) and -1.4(mv/°C) (Figure



42

3.12 and 3.13). They are relatively small, comparing to those of V., vs pH
curves (about 40(mv/pH) in Figure 3.28-3.33). Thus, we can conclude that the
indicated pH value decreases slowly with a increasing temperature.

During these experiments, the ISFETs we had failed at a temperature
around 60°C. We suspect that this was caused by thermal expansion which
separated drain and/or source leads from the ISFET. Although these sets of
data have shown good linear functions, further experiments are needed to

support the conclusion and extend it to a higher temperature.

3. The Relationship between V_, and Pressure

Using the results from experiments P-1 to P-8, as shown in Table 5-8 and
Figure 3.14-3.21, we can draw the conclusion that the relationship between
V.. and the pressure on the solution is a linear function with a small slope,
around -0.2 mv/MPa,from 101 kPa to 40MPa. This conclusion is further supporicd
by the results from the experimentg performed under several fixed temperatures
as shown in Figure 3.22-3.27 (the slope is about -0.5 mv/MPa under this
conditions).

An increase in pressure results in a small decrease in the indicated pH.
The linear relations of pH with pressure or temperature as indicated pH
provide the basis upon which practical instruments can be designed to give

corrected values of pH under various conditions.

4. The Stability of V

From both of two stability tests, we are 99.9% confident that V,,
changes slowly as a function of time. However, the second stability test (over
2,000 hours) indicates a more complicated relationship between V., and time.

Rather than a linear function, the trend of V,, can be more precisely
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predicted by adding a very small second order term:
V. ..= - 1.95185%x10 81240.000191+2.15961.

According to Figure 3.39, the coefficient of correlation R = 1. So, the
relationship between V., and time can be considered to be linear in a short
time period, but for a long term measurement, this relationship 'should be

modified by using a polynomial equation.
§4.2. Suggestions for Improvements in Future Experiments

In the future, experiments should focus on the operation of ISFETs at
higher temperatures. If possible, ISFETs with different encapsulants and
contact binding procedures should be considered and tested as a function of
temperature.

The satisfactory performance ;af the ISFETs as indicators of pH at the
pressures found in geothermal/geopressured reservoirs has been demonstrated.
It remains to be seen, however, if the ISFETs can function at temperature to

150°C.



Experiment S-1, 01/09/90
Time (hours) FET Output (v)
0.000 3.14906
8.085 3.14868
16.026 3.14841
32.101 3.15667
40.123 3.14246
48.062 3.15232
56.030 3.15380
64.101 3.15447
72.066 3.15660
88.324 3.15208
96.124 3.15913
103.594 3.16471
111.582 3.16036
119.599 - 3.16215
127.589 3.16253
135.621 3.15378
151.947 3.16532
159.581 3.16507
167.502 3.16595
175.468 3.16742
183.548 3.16888
191.538 3.16918
199.379 3.17056
207.608 3.17026
215.514 3.17495
223.502 3.17479
231.567 3.17108
239.531 3.16520
240.517 3.17187

Table 1. Stability Test of ISFET 3
pH=4.05; Temperature=25’ C
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Experiment S-2; pH=35.29; ISFET Output: volts; 12/18/90-03/13/91

Time ISFET [Time ISFET [Time ISFET |Time ISFET |Time ISFET
'(bours) | Output(hours) Output |(hours) |Output|(hours) |Outputj(hours) |Output
0.00 | 2170 | 381.78 | 2.219 | 764.95 | 2.299 | 1149.12 | 2.362 | 1649.12 | 2.420
748 | 2179 | 392.87| 2223 | 772.62 | 2.301 | 1157.12 | 2.361 | 1662.12 | 2.430
19.73 | 2.182 | 404.62 | 2.227 | 788.28 | 2.302 § 1177.12 | 2.366 | 1673.12 | 2.432
3168 | 2182 | 41563 ] 2229 | 799.62 | 2.305 | 1185.62 | 2.367 | 1686.12 | 2.433
4362 | 2183 | 429.70 | 2.231 | 811.62 | 2.308 | 1192.12 | 2.366 | 1703.12 | 2.432
5553 | 2.185 | 438.78 | 2.232 | 823.95 | 2.311 | 1204.12 | 2.368 | 1710.12 | 2.435
6778 | 2.186 | 453.62 | 2.235 | 833.95 | 2.312 | 1224.12 | 2.369 | 1714.12 | 2.435
19.62 | 2185 | 463.95| 2.237 | 844.95 | 2.315 | 1229.12 | 2.370 § 1726.12 | 2.436
91.80 | 2.187 1 475.95| 2.239 | 863.62 | 2.318 | 1242.12 | 2.373 | 1739.12 | 2.438
103.62 | 2180 | 487.95| 2.242 | 869.78 | 2.318 | 1339.12 | 2.386 | 1755.12 | 2.441
115.78 | 2.190 | 499.63 | 2.244 | 886.62 | 2.322 | 1351.62 | 2.391 { 1770.12 | 2.442
12770 | 2.196 | 512.62 | 2.247 | 893.62 | 2.323 | 1370.12 | 2.391 | 1782.12 | 2.444
140.08 | 2197 | 52678 | 2.249 | 906.28 | 2.326 | 1390.62 | 2.393 | 1794.12 | 2.447
15272 | 2194 | 536.95 | 2.252 | 920.87 | 2.328 | 1400.12 | 2.397 | 1806.12 | 2.445
16347 | 2191 | 54895 | 2.254 | 932.12 | 2.330 | 1412.12 | 2.400 | 1810.12 | 2.445
17487 | 2187 1 560.37 | 2.256 | 942.12 | 2.333 | 1442.12 | 2.402 | 1823.12 | 2.446
189.87 | 2190 | 57437 | 2259 | 957.12 | 2.335 | 1451.12 | 2.403 | 1834.12 | 2.450
19870 | 2.192 | 584.97| 2261 | 966.12 | 2.335 | 1464.12 | 2.403 | 1849.12 | 2.449
21437 | 2.195 | 598.12 | 2.263 | 980.12 | 2.336 | 1473.12 | 2.403 | 1860.12 | 2.452
22530 | 2.198 | 608.95 | 2.266 | 989.12 | 2.334 | 1488.12 | 2.406 | 1872.12 | 2.450
23728 | 2199 | 622.95 | 2.267 | 1005.12 | 2.342 | 1496.62 | 2.407 | 1887.12 | 2.456
24853 | 2200 | 632.95| 2.271 | 1013.12 | 2.340 | 1508.62 | 2.410 | 1901.12 | 2.455
262.05 | 2202 | 646.12 | 2.273 | 1028.12 | 2.344 | 1520.12 | 2.411 | 1907.12 | 2.457
27420 | 2204 | 656.38 | 2.277 | 1037.12 | 2.345 | 1541.12 | 2.417 | 1920.12 | 2.459
285.78 | 2.205 | 67037 | 2.278 | 1056.12 | 2.346 | 1547.12 | 2.415 § 1928.12 | 2.460
298.62 | 2.205 | 681.95 | 2.284 | 1064.12 | 2.348 | 1559.12 | 2.417 | 1944.12 | 2.462
309.78 | 2207 | 693.95 | 2.282 | 1078.12 | 2.347 | 1571.12 | 2.418 | 1963.12 | 2.465
31895 | 2210 | 704.12| 2.288 | 1086.12 | 2.350 | 1584.12 | 2.418 | 1974.12 | 2.466
333.95 | 2.208 { 717.03 | 2.289 | 1100.12 | 2.352 | 1595.12 | 2.424 | 1988.12 2.466
34262 | 22111 728621 2291 | 1110.12 | 2.356 | 1602.12 | 2.424 | 2000.12 2.466
35737 | 2214 | 74062 | 2.294 | 1126.12 | 2.356 | 1613.12 | 2.425 | 2016.12 2.468
368.03 | 2.216 | 753.45| 2.296 | 1135.12 | 2.360 | 1637.12 | 2.427 2042.12 | 2.469

Table 2. Stability Test of ISFET 3039; Temperature: 25°C; Pressure: 101 KPa




Experiment T-1; pH=4.05

01/29/90

Tegnperature ISFET Output

(© v)

25 3.136
30 3.142
35 3.110
40 3.072
45 3.052
50 3.036
55 ' 3.011
60 2.988

Table 3. ISFET Output as a Function of Temperature. Using the pH Probe R
Which was Provided by Chemfet Company; Pressure: 101 KPa

Experiment T-2, pH=35.26

10/17/90

Temperature | ISFET Output

(C W)

25 13.217
27 3.214
31 3.212
33 3.208
35 3.207
38 3.201
41 3.196
43 3.192
45 3.190
48 3.185
51 3.178
54 3.180
55 3.177

Table 4. ISFET 3021 Output as a Function of Temperature. Pressure: 101 KPa



Experiment P-2 Experiment P-3 Experiment P-4
pH=35.26 pH=6.27 pH=17.29
Pressure FET (v) |Pressure FET (v) |Pressure FET (v)
(MPa) Output  [(MPa) Output  {(MPa) Output
6.16 2.615 8.64 2.660 6.59 2.720
7.86 2.616 9.76 2.661 8.28 2.720
10.57 2.615 11.52 2.662 10.14 2.720
14.26 2.614 13.48 2.662 14.90 2.719
1791 2.612 16.94 2.660 17.66 2.718
21.41 2.612 20.44 2.657 22.00 2.717
25.56 2.610 24.25 2.657 26.59 2.716
29.59 2.608 28.35 2.655 30.19 2.714
33.86 2.607 32.04 2.655 34.42 2.713
37.15 2.605 36.01 2.655 38.16 2.711

Table 6. ISFET 3041 Output as a Function of Pressure. Date: June 13, 1990

Experiment P-1;
pH=6.84; 06/07/90
Pressure FET (v)
(MPa) Output
0.21 2.519
7.25 2517
7.43 2.517
8.57 2.517
9.44 2.517
10.94 2517
13.54 2516
15.99 2.515
19.68 2.514
23.50 2.513
27.19 2.512
30.87 2.511
34.83 2.509
37.84 2.509

Table 5. ISFET 3041 Output as a Function of Pressure. Temperature: 25°C




Experiment P-5 Experiment P-6 Experiment P-7

pH=5.26 pH=6.27 pH=7.29

Pressure ISFET Pressure ISFET Pressure ISFET

(MPa) Output(v) {(MPa) Output(v) [(MPa) Output(v)
6.72 2.635 9.58 2.687 7.58 2.743
8.69 2.634 12.21 2.687 9.37 2.746
12.14 2.633 15.87 2.686 11.99 2.743
16.02 2.628 18.18 2.686 15.41 2.747
19.30 2.628 22.31 2.686 18.11 2.744
23.28 2.632 26.59 2.685 22.25 2.741
27.23 2.628 29.89 2.684 26.23 2.743
30.96 2.628 34.14 2.683 30.34 2.741
34.59 2.628 37.99 2.682 34.63 2.738
38.60 2.626 38.59 2.736

Table 7. ISFET 3041 Output as a Function of Pressure. Date: June 15, 1990

Experiment P-8

pH=6.27

Pressure ISFET

(MPa) Output (v)

0.17 2.688

15.34 2.687
17.15 2.687
22.41 2.685
25.14 2.684
29.10 2.683
32.94 2.683
37.15 2.685
40.72 2.684
43.98 2.683

Table 8. ISFET 3049 Output as a Function of Pressure. Date: Aug. 15,1990

48
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Experiment PT-1 Experiment PT-2 Experiment PT-3 Experiment PT-4
Temperature=40°C Tempcrature=50°C Temperature=60° C Temperature=70°C
Pressure  |FET (v) |Pressure  |FET (v) [[Pressure FET (v) [Pressure  |FET (v)
(MPa) Output {(MPa) Output [(MPa) Output {(MPa) Output
6.12 | 3.250 5.78 | 3.164 6.75 | 3.091 6.97 | 3.052
8.59 | 3.246 8.69 | 3.161 10.00 | 3.085 9.95| 3.048
1149 | 3.244 11.24 | 3.156 11.71 | 3.084 13.05 | 3.046
13.86 | 3.241 13.89 | 3.154 15.53 | 3.081 14.77 | 3.044
16.87 | 3.238 17.54 | 3.153 17.55 | 3.080 17.26 | 3.042
2035 | 3.235 21.17 | 3.151 20.84 | 3.079 21.47 | 3.040
2491 | 3.234 24.57 | 3.148 25.21 | 3.076 2496 | 3.037
28.39 | 3.232 2835 | 3.147 2890 | 3.075 28.83 | 3.036
3205 | 3.225 3251 | 3.146 3347 | 3.074 3294 | 3.033
35.78 | 3.225 36.54 | 3.147 36.57 { 3.075 36.21 | 3.035
38.93 | 3.225 39.27 | 3.145 39.56 | 3.074 39.88 | 3.032

Table 9. ISEET 3041 Output as a Function of Pressure at Constant Temperatures
Date: July 6, 1990; pH=35.26

Experiment PT-5 Experiment PT-6
Temperature= 26C |Temperature= 37°C
Pressure  |FET (V) |[Pressure  |FET (v)
(MPa) Output {|((MPa) Output
017 | 2710 0.23 | 2.670
7.65 | 2.686 832 | 2.666
10.34 | 2.688 14.08 | 2.658
17.59 | 2.685 20.84 | 2.655
2094 | 2.682 29.93 | 2.655
2776 | 2.681 3587 | 2.646
38.00 | 2.677

Table 10. ISFET 3049 Output as a Function of Pressure at Constant Temperatures
Date: Aug. 16, 1990; pH=6.27




P=13.6519V+7.0777
Pressure Transducer
(MPa) Output (v)
0.10 0.524
6.94 1.026
13.77 1.527
20.61 2.029
27.44 2.530
34.28 3.031
41.12 3.529
47.95 4.033
54.79 4.533
61.62 5.032
68.46 5.530

Table 11. Calibration of the Pressure Transducer. Performed by M-TEC/RISE, INC.
Temperature: 26°C; Date: Aug. 24, 1990

T=19.6004V+1.31792
Temperature | Thermocouple
(0 Output (v)
, 37.30 1.807
41.90 2.057
45.80 2.251
50.49 2.501
54.87 2.780
60.15 3.030
65.75 3.307
69.30 3.502
75.30 3.779
80.50 4.030
86.30 4.280

50

- Table 12. Calibration of the Thermocouple; Date: June 28, 1990; Voltage Measurement:
Fluke Multimeter; Temperature Measurement: CMS Precision Thermometer
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Probability of a Larger Value of R

n-2 A=0.1 |A=0.05 |A=0.02 |A=0.01 |A=0.001
] 0.988 0.997 1.000 1.000 1.000
2 0.900 0.950 0.980 0.990 1.000
3 0.805 0.878 0.934 0.959 0.991
4 0.729 0.811 0.882 0.917 0.974
5 0.669 0.754 0.833 0.874 0.951
6 0.622 0.707 0.789 0.834 0.925
7 0.582 0.666 0.750 0.780 0.898
8 0.549 0.632 0.716 0.765 0.872
9 0.521 0.602 0.685 0.735 0.847

10 0.497 0.576 0.658 0.708 0.823
12 0.458 0.532 0.612 0.661 0.780
14 0.426 0.497 0.574 0.623 0.742
16 0.400 0.468 0.542 0.590 0.708
18 0.378 0.444 0.516 0.561 0.679
20 0.360 0.423 0.492 0.537 0.652
25 0.323 0.381 0.445 0.487 0.597
30 0.296 0.349 0.409 0.449 0.554
35 0.275 0.325 0.381 0.418 0.519
40 0.257 0.304 0.358 0.393 0.490
45 0.243 0.288 0.338 0.372 0.465
50 0.231 0273 | -0.322 0.354 0.443

Table 14. Confidence Range of Correlation Coefficient R
Refer to Reference 27
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Abstract: In this research, Ion Sensiive Field Effect Transistors were used
as the pH probes for brine solutions. A silver-silver chloride coated wire
elecrode was used as the reference electrode. Several pH values of buffer
solutions containing sodium chloride were prepared as calibration and test
solutions. The high pressure and high temperature conditions found in
geothermal/geopressured reservoirs were maintained on the test solutions by a
temperature and pressure control system. Measurements of ISFET’s output, V.,
as a function of pH, temperature, and pressure were performed. Linear
relationships between V_, and pH, V, and temperature, and V., and pressure
were obtained and studied. The ISFETs were stable and reliable up to at least

40 MPa, but generally failed at temperatures in excess of about 60°C.
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