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POTENTIOMETRIC MICROSENSORS

AND TELEMETRY

ABSTRACT

The use of ion-selective field-effect transistors (ISFETs) as

potentiometric microsensors was investigated. In the first stage, an

instrument was designed and built to operate an array of ISFETs. A

microcomputer was used for instrument control and acquisition of data.
The second phase of research focussed on the development of a

pH sensitive radiotelemetric device that could eventually be used for
the noninvasive monitoring of gastric pH. The first attempt used an

ISFET as a variable resistor in a simple telemetry circuit. The drift in
the pH dependant signal from this device was significant. The use of a

differential sensor was studied as a possible way to minimize the effect
of signal drift. This system measured the differential output of a pH

ISFET and a pH insensitive ISFET. The pH insensitivity was due to an

alkanethlol monolayer at the ISFETI solution interface.

Il was shown that ISFETs are weil suited for use as sensors in

telemetry devices. The union of these previously independent research

areas has been achieved.
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POTENTIOMETRIQUES MINIATURISES ET TELEMETRIE

RESUME

Nous avons étudié l'âpplication de transistors à effet de champ modifiés

chimiquement (ISFETs) en tant que détecteurs potentiométriques miniaturisés. La

première étape fût de concevoir et construire un instrument capable contrôler un

réseau de ces transistors (ISFETs). Nous avons employé un microordinateur pour

l'opération de l'instrument et l'acquisition des données.

Durant la deuxième étape de ces travaux, nous nous sommes penché sur

l'élaboration d'un détecteur télémétrique pour le dosage du pH. Le but de ce

projet était d'en arriver à un détecteur non effractif pour le dosage du pH

gastrique en milieu clinique. Notre première approche fût d'employer l'ISFET

comme résistance variable dans un cicuit de télémétrie. Cependant, la dérive du

signal analytique de ce circuit était considérable. Nous avons dont étudié

l'application d'un détecteur comparatif afin de minimiser la dérive de ce signal.

Ce systéme mesurait la différance entre le signal d'un ISFET sensible au pH et un

autre rendu insensible par l'application d'une mince couche thiolalcane sur sa

surface en contact avec la solution.

Nous avons démontré que les ISFETs sont des détecteurs adéquats pour

la télémétrie. Nous avons aussi accomplis le marriage de ces deux domaines

autrefois distincts.
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PREFACE

As the title indicates, the research presented in this thesis focuses
on two distinct, and previously separate, fields of study. lon-selective

field-effect transistors (ISFETs) have been used as potentiometric

microsensors for twenty years now, however they have not yet achieved

widespread commercial use. The applications which successfully utilize
ISFETs take advantage of the physical and chemical characteristics

inherent in ISFETs which differentiate them from conventional poten

tiometric sensors. Our initial investigations into the use of ISFETs led

to the conclusion that they would also be very weil suited to be

employed as the sensor component in a telemetric device. The absence

of any previous work involving ISFETs in telemetry can be attributed to

the fact that the majority of telemetry research predates the more

recent work on potentiometric microsensors. This thesis describes our
efforts to incorporate ISFETs into the field of telemetry. The specific

objective was to employ a pH ISFET in a biotelemetry device which

could eventually be used for gastric pH monitoring.

Chapter 1 serves as an introduction to chemical sensors. A cursûry

overview of the different types of chemical sensors presently available

is given. The balance of the chapter outlines the parameters which must

be considered when evaluating any sensor.

Due to the fact that the ISFET and telemetry research fields were

previously independent, these areas are reviewed separately. ln Chap

ter 2, the history and relevant theories of operation for ISFETs are

presented. In order to study the operation of ISFETs, it was necessary

to design and construct customized instrumentation. To test and eval
uate ISFETs, a FET Controller was built which is discussed in Chapters

3 and 4. This instrument was also used, in a modified form, for the

experirnents surnrnarized in Chapter 7.

Chapter 5 covers the history of telernetry research as weil as

1
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possible modes of operation. This chapter also outlines the need for
gastric pH determination and reviews the methods presently available.

Chapter 6 describes the initial attempt to use a pH ISFET in a
simple telemetry device. The results from these tests presented further

problems, which led to the consideration of a differential sensing
circuit. As shown in Chapter 7, in this circuit the signal from a pH

ISFET is compared to the signal from a pH-insensitive ISFET.

2
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CHAPTER 1

CHEMICAL SENSORS

1.1 Introduction

Today's society is becoming more information oriented, with
particular emphasis placed on quick, if not immediate, access to such
information. One manifestation of this is the need for direct-reading
chemical sensors in a wide variety of environments such as clinical
laboratories, process-control systems, and mobile or on-site testing
facilities. A chemical sensor provides an instantaneous readout which
allows the analyst to establish the presence, or concentration, of an
atomic, molecular or ionic species in either an aqueous or gaseous

medium. There should be no sample pretreatment or separation steps
required. Although a direct, on-line readout is achieved, most chemical

sensors require sorne preliminary setup before use (e.g. calibration).
Nevertheless the information obtained can be invaluable. The use of

blood electrolyte sensors can help to increase the safety and well-being
of a patient during a medical operation. Similarly, a chemical sensor
could alert the operator when a batch reactor is malfunctioning,
allowing the problem to be corrected online. Chemical sen~~rs are also

used as specific detectors in flow-injection analysis.
A chemical sensor can be said to consist of three distinct, but

integrated elements: chemical recognition, transduction, and signal
processing. The chemical recognition stage is the heart of the sensor,

and is largely responsible for the ultimate performance. This stage
determines the chemical selectivity of the sensor. For a sensor which is

used in a liquid solution, chemical recognition is .often achieved by an

3
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CHAPTER 1

ion-selective membrane or an enzyme reaction. This element must also
produce a physical signal due to the selective chemical interaction. For

electrochemical sensors the signal is a voltage or current change, while

an optical sensor relies on a change in intensity of the optical signal.

The transducer element monitors the physical signal produced. This
step amplifies the signal, and usually converts it to a voltage output.

The ideal transducer extracts aIl the raw data available from the
chemical recognition stage without creating any error due to the

transduction process. The sensitivity of the sensor is dependant on both
the recognition and transduction elements. The final step, signal

processing, is not usuaIly considered an integral part of the sensor,
however it is important to the commercial viability of any chemical

sensor. This provides for the conversion of the transducer voltage

output into a more convenient readout quantity such as concentration.

While this may require sorne work on the part of the user, it is

preferable to perform this solely in hardware. Although this may ap

pear trivial, it is this last step which presents the desired information

and determines the ease of use of a chemical sensor. Improvements in

signal processing are essential to the further development of smart
sensors capable of multiplexing several sensors, automatic calibration,

drift adjustment, etc.[I].

The term microsensor is difficult to define unambiguously. There

are specifie criteria which must be met in order for an amperometric
sensor to be classified as micro. In this case the electrode must be small

enough to comply with the spherical diffusion model [2]. This is the

exception however. For other types of chemical sensors the differen

tiation between conventional sensors and microsensors is much more
vague. Microsensors generaIly incorporate sorne sort of modern tech

nology such as microelectronic engineering or fiber-optic spectroscopy,

and have at least one dimension in the sub-millimeter range. A more

useful approach might be to consider the minimum sample volume

required; a microsensor should be able to function in microliter

volumes. Finally, one could look at the possible applications. For
example, most sensors that can be used in vivo can be considered to be

microsensors. While this terminology is useful at present, it can be
safely assumed that future developments in sensor research will make

4
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CHAPTER 1

today's microsensors appear rather large and poorly lahelled.

1.2 Types Qf SensQrs

This thesis examines the use of potentiometric microsensors;

nevertheless there is a variety of other types of chemical sensors which

should also be mentioned. Sensor type is determined hy both the

chemical recognition and transduction elements, however sorne sensors

could be said ta belong to more than one type. Table 1.1 lists the

different sensor types which are discussed here. For this introduction it

is impossible tQ review ail types of sensors in detail, therefore the

following sections are limited to a discussion of the basic principles

involved and are accompanied by a few examples of each type of sensor.

Table 1.1
Classification of Sensors

Class Medium (1) Transducer Physicochemical
Property Measured

Optical liquid spectrornctcr optical properlies
gas

Thcrmal gas thermistor or tcmpcralurc
liquid pyrocleclric crystal

Piezoclectric gas bulk wavc or surface surface adsorplion of
liquid acoustic wave deviccs matter - mass change

Electrochemical
Amperometric liquid potentiostat oxidat ion/reduclion

gas (2) eUTrent

Conductometric gas/vapor conductivity Meler chemically modulaled
liquid resistancc

Potentiometric liquid potentiometer or ISFET inlerfacial potentials

gas MOSFET change in work function
of gale

(1) For each class, the media are listed in order of importance
(2) Self-contained aqueous sensor covered with gas permeable membrane

5
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There are several recently published books which do cover all
chemical sensors in detail [3,4,5], and the biennial reviews in

Analytical Chemistry [6,7] present an overview of recently published
sensor research.

1.2.1 Optical Sensors

Optical chemical sensors, commonly known as optrodes, combine
optical fiber technology and the highly specifie interaction of electro

magnetic radiation with matter. An optical fiber consists of a cylin
drical, transparent core of quartz, plastic, or glass, surrounded by a

c1adding of lower refractive index whereby light entering the '-:ber
undergoes total internai reflection. These fibers range from a few

micrometers to several hundred micrometers in diameter and are quite

flexible. They act as a light conduit between the chemical recognition

element and the instrumentation, usually consisting of a source and a

detector, which act as the transducer. Four of the common designs are

shown in Figure 1-1. These sensors measure the fluorescence due to the
chemical interaction in the analysis area. Other optical properties that

can be similarly measured include absorbance, reflectance, refractive

index, chemiluminescence and Raman effects.

An example of the optrode in Figure l-l(a) can be found in the
paper by Luo and Wah [8]. They have constructed a pH sensor for the

range of pH values from 5.5 to 8.0 using pH sensitive fluorescent dyes.
To increase the lifetime of the device, the dyes were entrapped in

controlled-released polymers that were incorporated in the tip of the

optrode but out of the light path. Sustained release of the dye enabled

reported lifetimes of at least three months in a laboratory. A penicillin

optrode which used a single fiber (Figure l-l(a» with the enzyme

penicillinase and a pH sensitive fluorescent dye immobilized onto the

fiber tip as in Figure l-l(b) was reported by Kulp et al.[9]. By

co-immobilizing the enzyme and dye directly on the tip of the fiber, a

decrease in response time was obtained compared to membrane

encased enzyme optrodes. Figure l-l(c), used mainly for absorbance

measurements, is similar to (a) but uses two fibers.

6
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(b)
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Figure 1-1. Optrode designs
(a) single fiber with reagent eneased in membrane at tip
(b) bifureated fiberwith reagent eoated on tip
(e) dual fiber with reagent eneased in membrane
(d) reagent eoated on surface of fiber

'{7:
~'

Carroll et al. [10] described an optrode consisting of a bifurcated

fiber (Figure l-l(b» with the reagent encased in a membrane at the
distal tip of the fiber (Figure l-l(a» to simultaneously determine A13+

and either Ga3+ or In3+. The reagent was a chelate which forms
strongly fluorescent complexes with these trivalent ions. To differen·

tiate between ions, signal processing in the form of time resolved
fluorometry was used.

Figure 1-1(d) illustrates an alternative sensor design where the
chemically selective coating interacts with the evanescent wave at the

surface of the fiber. The evanescent wave is a standing wave on the
fiber surface created by interference between the incident and

reflected internaI beams. Carey et al. [11] described an optrode where
a small section of bare fiber was coated with a Hammett indicator

7
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entrapped in a polymer. This was used to measure the molarity of con
centrated acids (1-10 M). This surface interaction method, known as

attenuated total reflectance, is particularly weil suited for affinity
sensors based on immunological binding [12,13].

Fiber optic chemical sensors are weil suited to be used as
microsensors. Selectivity can be excellent with the proper che mi cal

recognition element such as an enzymatic reaction, and they can be
quite sensitive (low detection Iimit) due to the lack of noise pickup

from stray electromagnetic radiation. They also provide electrical
isolation of the sample, or patient, which is important particularly for

in-vivo sensing.

1.2.2 Thermal Sensors

There are a variety of thermally sensitive detectors or sensors. For

this review, only those thermal sensors which meet the definition of a
chemical sensor, as outlined in the introduction, will be considered.

Thermal sensors detect the evolution of heat during a chemical
reaction due to enthalpy changes. The keys to the success of these

devices are the specificity of the chemical reaction that is monitored
and, to a lesser extent, the magnitude of the enthalpy change. In

practice this has Iimited the reactions used for chemical recognition to
enzymatic processes.

Of the two types of transducers Iisted in Table 1.1, the thermistor
is used far more often than pyroelectric crystals. These types of

transducers can be used directly in microsensors without any adapta
tion. A thermistor is a smail bead of sintered oxide semiconductor

encased in a glass shield. The response is due to the effect of temper

ature on the bandgap energy of the semiconductor, and can range from

-80 oC to +350 oC (14]. A pyroelectric crystal responds to temperature

changes by changing its polarization vector thereby inducing a surface

charge which can be measured at the electrodes. These crystals can give
three orders of magnitude greater sensitivity than thermistors [15],

however they have been rarely used to date due to the increased

complexity compared to thermistors.
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Enzyme thermistors either have the enzyme immobilized onto the
glass casing of the thermistor, or on a larger scale, the thermistor is

simply placed in a column of immobilized enzymes. Both deviees arc

usually used in conjunction with a second reference thermistor and the

output is taken from a Wheatstone bridge circuit. A review of enzymc

thermistors [16] de scribes sensors for urea using urease, and for

glucose, oxalate and ethanol using the appropriate oxidase, as weil as
other substrate/enzyme systems.

1.2.3 Piezoelectric Sensors

Piezoelectric gravimetric sensors are based on the same

phenomenon as pyroelectric thermal sensors. Instead of responding to

heat, piezoelectric crystals react to applied stress by changing their

natural frequency of oscillation. Physical sensors su ch as the lJuartz

crystal microbalance and various pressure sensors use piezoelectric

crystals. Chemically selective mass sensors using piezoelectric

transducers have a selective layer on the crystal surface which

specifically adsorbs molecules or ions resulting in a change in mass

[17] .
The two types of piezoelectric transducers are shown in Figure 1-2.

In these diagrams only a portion of the crystal is coated and exposed,

however in many cases the entire surface of the device is used. Bulk

wave devices were developed first and have since been used mainly for

gas or humidity sensing with or without a chemically selective coating

[18]. Surface acoustic wave devices (SA Ws) were first described by

White and Voltmer [19] in 1965, when they reported how interdigital

arrays could be used to propagate waves across the surface of a crystal.

Over the last ten years SAWs have become more popular than bulk

wave devices because: several SAWs can be placed on a single crystal;

SAWs can be made much smaller; higher fundamental frequencies of

SAWs allow for lower absolute limits of detection; and it is easier to

expose the coated area on a SAW to the solution [20,21].

McCalIum's review (22] in 1989 on mass and chemical piezoelec

tric sensors is quite comprehensive. It lists 137 references and

9
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Figure 1-2. Piezoelectric transducers
(a) bulk wave oscillalC'r
(b) surface acoustic wave device

summarizes reports of sensors for over 25 chemical compounds. This
review, and other literature [6,17,18,21], indicate that many research
groups have attempted to use coated SAWs as chemical sensors in
solution with varying degrees of success.

A driving force in the development of solid state microsensors is

the possibility of sensor arrays. This advantage was exploited by
Rose-Pehrsson et al.[23] in their use of an array of ten SAWs, each

coated with a different polymer, to detect nine vapors. The individual
polymers were not chemically specific, however the authors were able

to identify the vapors by use of pattern recognition analysis.
Because of the mass sensitivity of piezoelectric devices, they have

great potential as an immunochemical assay transducer. An example of
this is the paper by Muramatsu et al.[24] where Protein A was immobi

lized on a bulk wave device to detect immunoglobulin G.
Piezoelectric sensors with chemical recognition have become

firmly established, and research interest continues to expand. Their
utility as gas phase sensors has been proven, and the range of

applications will continue to grow. As for their use in solution, there

10
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are still problems to be solved, but the future appears bright.

1.2.4 Amperometric Sensors

Since the Clark electrode was first described in the early 1950's
[25], many amperometric sensors have been developed and have proven
to be useful. Amperometric sensors have benefited from the large
amount of research involving classical electrochemical techniques,
such as voltammetry, which can be used to investigate the recognition
transduction process.

The potentiostat and electrode system combine to act as the
transducer. The working electrode (sensor) is held at a constant
potential with respect to a reference electrode. The measured current
is due to electron transfer between the electrode and the species
undergoing oxidation or reduction in solution.

The Clark electrode consists of a pair of electrodes exposed to an
electrolyte solution which is separated from the sample solution by a
gas permeable membrane. Oxygen diffuses from the sample to the inner
electrolyte where it is detected amperometrically as it is reduced at the

cathode. This is a simple, yet quite elegant chemical sensor. Il can be
operated in aqueous or gaseous samples, and by changing the

membrane it can modified to detect other electrochemically active
gases. Il has also been used in a miniaturized form as a non-invasive

probe for transcutaneous oxygen monitoring [26].
While the choice of working electrode potential and the use of

selective membranes offer sorne selectivity, the majority of research in
amperometric sensors is now focussed on the use of enzymes to

increase selectivity and broaden the range of possible applications. The
enzyme acts upon a substrate, usually electrochemically inert, to

produce an electroactive product (i. e. H20Z), or consume an electro
active reagent (i. e. oxygen). Perhaps the most successful amperometric

sensor is the pen-sized glucose meter developed by Cardosi and Turner
[27]. This sensor uses glucose oxidase, but ferrocene is substituted for

oxygen as the mediator to eliminate sample matrix effects due to
varying oxygen levels.

11
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Conductometric Sensors

Conductometric sensors have not enjoyed widespread use but they
can be quite useful in certain applications. Almost ail conductometric

sensors are constructed similarly. Usually they consist of a pair of
interdigitated metal electrodes on a substrate of insulating material. A

surface layer spread across the electrodes provides the chemical
selectivity. Conductometric sensors may use either direct or alternating

current.
Chemire"istors are the simplest of these sensors. They are used for

the detection of various gases and vapors in air. A variety of selective
layers have been used including metal, organic, and polymeric th in

films [6,7]. Chemiresistors are operated in the direct current mode;
usually a commercial conductivity meter is used. Dielectrometers are

an extension of chemiresistors, the main difference being the use of an

alternating excitation signal. These are used almost exclusively for

humidity sensing.
The last five years have seen the introduction of enzyme-based

conductometric sensors for use in solution. In this case the enzyme
reaction must change the conductance of the solution. Once again, an

alternating excitation signal is used and an alternating current response
is observed. Mikkelsen and Rechnitz [28] report sensors for the

determination of urea and D-amino acids. They also point out that

because these sensors respond to changes in ionic strength, buffers

must be used in sample preparation to maintain constant ionic strength.

1.2.6 Potentiometric Sensors

This thesis is concerned with potentiometric sensors, the last class

of chemical sensors Iisted in Table 1.1. In particular, the use of

ion-selective field-effect transistors (ISFETs) as potentiometric

microsensors was studied. This section examines the general principles

of potentiometry and compares sensors using ISFETs with other

potentiometric sensors. ISFETs will be reviewed in detail in Chapter 2.

There are certain types of potentiometric electrodes (e. g. redox

12
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electrodes), often used in titrations, which are not considered to be

chemical sensors due to the lack of chemical specificity. Reference 29

covers ail areas of potentiometry. A sensor must be specific and you

must be able to use it directly in the sample solution. This limits our

consideration to membrane-based, ion-selective electrodes (lSEs).

A potentiometric sensor measures the potential difference across

the interface between a chemically selective layer and the sample

solution. The potential difference can arise from surface adsorption,

absorption into the bulk layer or selective transport through a

membrane. While there is constant ionic flux across the interface, there

is zero net current flow in potentiometry. For conventional lSEs, the

membrane acts as the chemical recognition element and a potentio

meter is the transducer.

In Figure }-3 a typical configuration for an ISE is shown. The

internaI and external reference electrode potentials (Eint and Eref

respectively) must be constant in order to observe the potential

changes at the membrane-solution interface. The liquid junction

potential (Elj) is also considered to be constant. The potential

developed across the membrane (Emem) is dependant on the activities

of the analyte in the test solution (aA) and in the internaI solution

Ion-selective eJectrode
Liquid

junction

J
conslanl

of A, el

saturated
Hg Hg,el, Kel

External reference
electrode

test solution
membrane concentration Agel Ag

of analyte A

InternaI reference
electrode

.::j'~',
~ Figure 1-3. Conventional ISE configuration.
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(QA(inl» according to Equation 1.1

E
mcm

=
RT

ln [:,:. ] (1.1)

where R is the gas constant, T is tempe rature in Kelvin, ZA is equal to

the charge of the principal ion A, and F is the Faraday constant. The
measured potential (E) is the sum of ail the potentials as shown in

Equation 1.2.

(1.2)

(
.'~

,~

where Easym is the asymmetry potentiaI. This potential is due to defects
in the membrane. Although it changes slowly with time, it can be

considered constant if frequent calibration is used.

Because QA(inl) is constant, it can be removed from Equation 1.1

and combined into one constant (Econsl) with ail the other constant
terms in Equation 1.2 to give Equation 1.3.

E = E +
CODSI

RT

zF
A

(1.3)

Unfortunately, the membranes used in ISEs are selective rather

than specifie. An ion-selective membrane will respond to interfering

ions as weil as the principal ion, the response being greatcst for ions

with similar charge and size. The selectivity coefficient (kA,a) is a

measure of how selective the ISE is for the interfering ion, B, compared

to the analyte ion, A. This effect is taken into accollnt by the

Nikolsky-Eisenman equation as follows:

2.303 RT
E = E + logcoma

14
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a A + 2:kA.B(aB)~ 1ZB
B-l

(1.4)



.Ô<

......';r:r
~.

CHAPTER 1

where ZA and ZB are the charges on the analyte and the interferent ions•
respectively, and there are n interfering species. A low value for the

selectivity coefficient is desired. The actual kA •B value which is
necessary for a ISE to be effective is dependant on the relative levels of

the analyte and interfering ions.
The preceding equations indicate that potentiometric sensors

respond to changes in activity of the analyte ion, while it is preferable
to use concentrations for simplicity. In order to use standards of varying

concentration as the basis for a calibration curve, the activity
coefficients of the sample and standard solutions should be equal. This

is usually achieved either by using a buffer to maintain constant ionic
strength in sample and standards, or the composition of the standard is

made to be as similar to that of the sampie as possible.
It is beyond the scope of this thesis to even begin to summarize

research in the field of ISEs. It is safe to say that, at a minimum, there
have· been thousands of ISEs reported, and the number of possible

analytes must be in the hundreds. The range of analytes includes

non-ionic compounds due to the coupling of ISEs with enzymes and gas

permeable membranes. A series of reviews by Koryta [30] reports on

approximately 400 ISE papers per year.

Aside from work on the actual ion-selective membrane, a great

deal of research in the last twenty years has focussed on the physical

construction of ISEs. A primary goal was to minimize their size. This
led to efforts to eliminate the internai solution and the development of

coated-wire electrodes (CWEs) and ISFETs. The conceptual relation

ship between ISEs, CWEs and ISFETs can be seen in Figure 1-4. In

Figure 1-4(a) a conventional ISE is hooked up to a potentiometer. The
input stage is a metal-oxide-semiconductor field-effect transistor

(MOSFET) which monitors the voltage without drawing any current.

The CWE uses the same instrumentation, but now the membrane is

coated directly on the tip of the wire. Finally in Figure 1-4(c) the wire is
eliminated. Here the membrane replaces the metal gate on the

MOSFET and the device, now called an ISFET, is placed in the

solution. The aim of our research is represented in Figure 1-4(d),

where the ISFET sensor circuit broadcasts a signal to an external

recording instrument. It should be noted that the reference electrode
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Figure 1-4. Potentiometric sensors.
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does not change in Figure 1-4. This is still a hindrance in the

development of potentiometric microsensors and will be addressed in

Chapters Z and 7.

1.3 Çriteria for the Eyaluatjon of Sensors

In the evaluation of any type of chemical sensor there are certain

criteria which must be addressed. The relative importance of these

factors varies depending upon the application. The reliability of a

che mi cal sensor can be said to be the sum of ail the performance and

physical characteristics. These can be divided into ·two areas of concern
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as foIlows:

Performance
Selectivity
Sensitivi ty
Limit of detection
Response time
Reversibility
Drift

Phys jeal
Lifetime
Size
Durability
Biocompatibility
Uniformity
Cost

Each of these criteria will be discussed in the balance of this chapter,
with the focus on potentiometric sensors.

1.3.1 Performance Characteristics

The performance of a chemical sensor is dependant on ail three
elements of the sensor: chemical recognition, transduction, and signal

processing. In practice most researchers concentrate on only one type
of transducer. In our case the transducer is a potentiometric micro

sensor. This leaves the chemical recognition element, the ion-selective
membrane, as the main determinant of the performance. Signal pro

cessing can be used to compensate for deficiencies of the recognition
element.

In order to reduce confusion in the area of ISE research, IUPAC

put forward in 1975 a set of recommendations for the nomenclature of

ion-selective electrodes [31]. Most of the performance characteristics
were defined. When reporting values for the se performance character

istics, aIl the experimental details should also be stated; including

electrode eonditioning and history, stirring rate, temperature, and

solution composition(s).

1.3.1.1 Selectivity

The selectivity of a sensor is a measure of the ability of the sensor

to accurately determine the concentration of the analyte in the

presence of interfering ions which can also affect the measured

potential. The selectivity of a sensor should be determined for aIl

possible interferents. This requires knowledge of the composition of

the test solution. If this information is not available, the seJectivity
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coefficients should be determined for aIl ions similar to the analyte as
weIl as the more common ions (H + ,Na + ,Ca2 + ,Cl- etc.).

Th-::re are two methods for the determination of kA •B [31]. The
first is the separa te solution method. For this method the slope of
the calibration curve must be known. Two solutions are used, one
containing only the analyte and the other with only interferent present.
The second method is the fixed interference method. This method
uses a series of solutions containing a constant concentration of
interferent but varying concentrations of analyte. The fixed
interference method is preferred over the separate solution method

because it is a more accurate representation of the actual conditions of
use, and is not affected by variations in slope.

Typical selectivity coefficients range from 1x10-6, where the
interferent has very liule effect, to 1x103, in which case the ISE

actually has a greater response to the interferent than the analyte, but
this still could be used as long as the ratio of analyte ta interferent is at
least 105. The greatest selectivity is obtained by coupling an enzyme
reaction which alters the concentration of an ion (usually H + or

NH4 +) that can be monitored with an ISE or ISFET.

1.3.1.2 Sensitjvjty
Sensitivity is basically the mlDlmum change of analyte

concentration that can be observed. The slope of the calibration curve,
noise, and readout resolution combine to determine the sensitivity of a
sensor. Sensitivity is usually discussed in combination with the linear
response range.

If we consider Equation 1.4, the theoretical sIope for a singly
charged ion (ZA = 1) is equal to 2.303RTIF, or 59.16 mV per decade at
25 oc. One of the advantages of ISEs compared to other sensors is that
they respond logarithmically and can be used over a wide linear

response range, often up to 5-6 orders of magnitude. This requires a
varying degree of sensitivity. For instance, if we consider a typical ISE

system where readout resolution is 1 mV, and noise is negligible, then
an observed change of 1 mV corresponds to concentration change of

roughly 4x10-5 M in a 1x10-3 M solution while in a lxlO-2 M solution
the change is lxlO-4 M.
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1.3.1.3 Limit of Detection

While the term "limit of detection" is often confused with

"sensitivity", they are not interchangeable. By definition the limit of
detection (LOD) is lowest concentration of analyte that can be

discriminated, within a specified degree of confidence, from a blank
solution under specified conditions.

In ISE research, the reporting of LODs is confusing due to the
existence of several different conventions. Three methods for

calculating the LOD are shown in Figure 1-5. The highest LOD value is
just the lower limit of the linear response range, and is usually

determined graphically from the calibration curve. Typical values range
from 10-5 to 10-7 M, however much lower LODs are possible (e.g. pH

electrode; enzyme coupled ISEs). The IUPAC recommendations [31]
define the LOD to be equal to the activity of the analyte at the point of

intersection of the two linear portions of the calibration curve. This
gives a LOD value which is lower th an the limit of the linear response

range. The lowest LOD can be calculated statistically using

signal-to-noise parameters according to the definition in the preceding

paragraph. This corresponds better to the methods used for LOD
calculations in other areas of chemical analysis. When reporting or

comparing reported LODs, one must be conscious of the method used.

a· Limit of lincar
rcsponsc range

,-
'f,,.-

~:..

;;
c
00

c;;

" 1
I---"",rr-!," 'J' 1

l '1 J
1 1 1

il 1 J
; 1

C b a

Concentration

b - IUPAC limil

C - Statislical Iimit

(approximalc)

Figure 1-5. Determination of limit of detection from calibration curve.
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1.3.1.4 ReglOnse Time
ln general the response time of a chemical sensor is defined to be

.the length of time it takes after immersion in a new solution for a
sensor to settle to within ±1% of the final signai. This is very dependant
on the experimental details listed in the introduction (Section 1.3.1).
For ISEs, IUPAC has altered this definition. They recommend that the
length of time be measured from immersion to the instant that the
signal approaches within ±1 mV of the steady state signai.

Response times for ISEs are largely determined by the choice of
membrane. Thin, solid state membranes give the fastest response, in
the order of seconds. The longest times are seen for polymer
membranes and enzyme coupled ISEs which can take up to several
minutes to seule. Compared to ISEs, ISFETs have quicker response
times due to the thinner membranes used.

1.3.1.5 Reversibility

Unlike the previous characteristics, reversibility is not usually
measured or quantified. A sensor is said to be reversible if it can be
reused repeatedly with or, preferably, without an intermediate clean-up
cycle. Ideally the sensor should exhibit no memory effects upon
changing of solutions.

When a potentiometric sensor is changed from solution X to

solution Y and back to X, the !wo potentials for solution X should be
identical, otherwise hysteresis is said to have occurred. This effect is

worst if solution Y is either extremely dilute or concentrated. In certain
cases reconditioning may restore proper behavior.

1.3. 1.6 D.rifl
Any type of drift in the output of a chemical sensor is undesirable.

Short term drift generally renders the sensor useless. Long term drift

can sometimes be accommodated by either frequent recalibration or
sorne type of drift correction in the signal processing stage. For ISEs

drift can be due to a variety of physical or chemical parameters such as
temperature fluctuations, leaching of electroactive material from the

membrane, sorption of interferents or a variation in the potentials

assumed to be constant (Eint> Eref and Elj)' A second sensor, insensitive
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to the analyte, is sometimes used to try to eliminate drift. This is easily
achieved with ISFETs and other sensors that can be produced in com
pact arrays.

1.3.2 Physical Characteristics

The physical properties of a chemical sensor are determined

primarily by the choice of the transducer. While the performance
characteristics of a sensor determine whether or not a sensor is viable.
the physical characteristics often are the deciding factors as to
commercial success.

1.3.2.1 Lifetime

The lifetime of a sensor can be considered both a performance and

a physical parameter. Sensor life can be terminated by failure of the
chemical recognition element or electronic malfunction. Sorne sensors

have lifetimes up to several years. Other sensors have been designed
for single-use applications which may only require lifetimes of hours or
even minutes.

1.3.2.2 ~

The concept and size of microsensors have already been discussed
in the Introduction (Section 1.1). There is a drive to the miniaturiza

tion of ail types of chemical sensors even though most sensors are used
in macroscopic samples. The two main are as of use for microsensors

are low volume f10w stream detectors and in - vivo sensing.
For the evaluation of any sensor both the overail size of the sensor

and the actual dimensions of the sensing area should be considered.
The application establishes which measurement is most important.

During the development of a sensor, the size is often much larger
than necessary to facilitate manual processing. The final dimensions

will usually be smaller, especially if automated manufacturing methods
are used.
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1.3.2.3 Durability
A chemical sensor may be subjected to many different

environments. Il should be resistant to chemical attack by the
constituents of the sample, variable temperatures, and physical shock.

Il should also be capable of undergoing cycles of dry storage,
reconditioning, and use without loss of performance.

1.3.2.4 Biocompatjbility

This criteria is important only if the sensor is to used for in-vivo,

extra-corporeal or undiluted biological fluid testing. Two aspects of
biocompatibility must be considered. The first is the effect of the
sensor on the safety and well-being of the subject. In-vivo sensors for

use in bloodstreams must be non-thrombogenic, and ail sensors must be
non-toxic to the subject.

The second aspect which must be considered is the effect of the
biological matrix on the performance of the sensor. Surface adsorption

of proteins and immunochemical attack are the two biggest problems.
In sorne case an additional membrane, permeable to smaller ions and

molecules, can be used to shield the sensing area from the larger
biomolecules.

1.3.2.5 Uniformity

This is simply an indication of how reproducible the
manufacturing process is. Ideally ail sensors of a particular type should

be perfectly interchangeable. In practice the performance character
istics are consistent, but each sensor usually has to be individually

calibrated. The use of automated production methods greatly enhances
reproducibility.

1.3.2.6 ,CQS1

Cost is primarily determined by the manufacturing method, the
expense decreasing with the use of automation. The raw materials are

cheap, especially for any process using conventional microelectronic or
fiber optic technology. For sensors using biological materials, the small

volumes required for microsensors reduces the cost compared to
conventional sensors.

22



.......
1.4 SummaO'

CHAPTER 1

Several different types of ehemieal sensors have been diseussed in

this ehapter. From among these sensors, we decided to foeus on the use

of ISFETs as potentiometrie microsensors. ISFETs possess the
neeessary characteristics for use in a pH sensitive telemetry deviee. The

history, theory and use of ISFETs is discussed in greater detail in the

next chapter.
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CHAPTER 2

ION-SELECTIVE FIELD-EFFECT TRANSISTORS

2.1 Introduction

Although the esseniial concepts of field-effect transistors (FETs)
were patented in the late 1920's by Lilienfeld [1], it wasn't until the

1950's that the technology was available to actually construct functional
devices. The production of both junction field-effect transistors

(JFETs) [2] and metal-oxidp.-semiconductor field-effect transistors
(MOSFETs) [3] at Bell Laboratories was, in a sense, a re-invention of

the original patents. The creation and subsequent applications of FETs
was delayed, in part, by the earlier success of the bipolar transistor. The

inherent differences between the various types of transistors (bipolar,
JFET, MOSFET) are distinct enough such that aIl three types are
currently in use.

The MOSFET has a sandwich style construction where an

insulating oxide layer separates the metal input gate from the
semiconductor channel (Figure 2-1). The input gate voltage creates a

electric field across the oxide layer into the semiconductor channel
thereby controlling the current through the channel. In this manner a

MOSFET acts as a transconductance device with a theoretically infinite
input impedance and very low output impedance.

The impedance characteristics of MOSFETs make them an ideal
input stage device for potentiometric measurements; indeed ail

potentiometers utilize MOSFETs for this purpose. The ISFET was
created by moving the input MOSFET into the sample solution. In

Section 1.2.6 the relationship between ISEs, CWEs, and ISFETs was
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Figure 2-1. Simple model of a MOSFET

examined. While this conceptual relationship is convenient, it does not

accurately portray the chronological order of development. In fact,
ISFETs and CWEs were developed around the same time, but inde

pendently of each other.
In this chapter we will first summarize the history of the

development of ISFETs and discuss the different types of FET-based

sensors available. Following this, the operation of MOSFETs will be

examined, and the theories extended to the use of ISFETs. The last part

of this chapter looks at the importance of the reference electrode and

introduces the concept of differential sensing.

2.2 Deyelopment of ISFETs

The first report of an ISFET was by Bergveld [4] in 1970 when he

exposed the silicon dioxide insulating layer directly to solutions of
varying Na + activity. In his next paper [5], the response for H + was

described. Matsuo and Wise [6] were simultaneously investigating the

operation of a pH ISFET which had a silicon nitride layer exposed to

the solution, and their results were published in 1974. Although

Bergveld's initial work focussed on the measurement of ionic flux in
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order to observe variations in electrophysiological potentials, subse
quent research has concentrated on the selective determination of
ionic activities mainly in biological fluids. ISFETs have also been used
as selective detectors in flow-injection analysis, as gas sensors, for
micro-titrations, and in process control systems.

Following the initial work, several university groups started
research on ISFETs in the 1970's. These include the Universities of
Utah, North. Carolina, Pennsylvania, and also Stanford and Case

Western Reserve in the United States. The University of Twente and,
later, the University of Newcastle-upon-Tyne were active in Europe. In

Japan there was Tohoku University. In the 1980's additional university,
governmental and industrial labs also started research programs. In
particular there was a lot of activity in Japanese government and
industrial labs. There is a substantial body of work published in Japan
ese which will not be referenced here.

The development of ISFETs has been weil documented. The
proceedings from two meetings in 1977 [7] and 1980 [8] cover the early
history of ISFETs as weil as underlying principles and design consider
ations. Comprehensive reviews appear routinely which cover the com
plete field of ISFETs [9-12]. Bergveld and Sibbald's [13] recent book
also encompasses the history, the ory, construction, and applications of
ISFETs. In addition, the fundamental reviews in Analytical Chemistry

initiated a Chemical Sensors section in 1988 [14,15] which includes the
most recent advances in ISFETs.

A selection of 30 research papers representing innovations in the
development of FET-based sensors is given in Table 2.1. Omission from

this list should not be taken as a indication of lesser importance. In
particular, papers focussing on the theory and response mechanisms of

ISFETs were not included.

2.3 FET-Based SenSQ[S

In Table 2.1 there are sensors listed which are selective for

non-ionic as weil as ionic species. The principles are very similar and
research often overlaps amongst the different types. Ali these sensors
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Table 2.1
Development of FET.based Sensors (1)

Author (year) Analyte Membrane Commenta Reference
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share the same transduction element (a FET) as ISFETs; however, the
chemical recognition element differs. The variety of FET-based sensors
has led to a abundance of acronyms, sorne of which are defined in the
following sections.

2.3.1 Ion-Selective Field-Effect Transistors

A wide variety of gate surfaces, both inorganic and organic, have
been used to construct ISFET sensors. Sorne of these are just
adaptations of conventional ISE membranes to an ISFET device such
as silver halide solid-state membranes, aluminosilicates for Na +, or
thick film ionophore-doped polymerie membranes (e.g. valinomycin/
poly(vinyl chloride) (VaI/PVe) for K+). Of particular interest are
ISFETs which incorporate novel sensing mechanisms that cannot be
used in conventional ISEs. Langmuir-Blodgett (LB) films can be
fashiolled to include an ionophore, thereby providing a very thin
selective membrane; however there are several difficulties yet to be
resolved [32]. Similarly, several groups have used ion-implantation into
inorganic insulators, usually to try to make an alkali metal sensor. This
technique has met with mixed results.

2.3.1.1 pH ISFETs
The pH ISFET has been the subject of many studies, far more than

any other ISFET, and therefore merits special attention. There are
three major driving forces for this popularity: 1) extensive use and de
mand for pH sensors, 2) pH sensitivity of many inorganic "solid-state"
surfaces, and 3) they provide a common focal point for different theo
retical treatments.

The first devices of Bergveld [4,5] used an SiOz gate dielectric
exposed to the solution, and while these showed a useful response there
were sorne drawbacks. In the original paper the pH was kept constant
while the response to Na + was measured; it was only in the second
paper that the greater sensitivity to H + was described. The SiOz acts as
a glass electrode because the oxide hydrates; however this eventually
leads to the breakdown of the device. Due to the poor stability,
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durability, and lack of specificity of this surface, a variety of other
inorganic films have been investigated. Matsuo and Wise [6] initially

used a Si3N4 layer on top of the Si02 insulator. The Si3N4 surface forms
a surface hydratiün layer only. ft was shown to be more stable and it

also exhibited increased sensitivity and selectivity. Further work led to
the use of Al203 [23], Ta20S [28] and Zr02 [43]. While these com
pounds have been used successfully as ISFET membranes, they could

not be employed as conventional ISE membranes due to their insulat

ing properties. These surfaces can be roughly rated in order of stability,

sensitivity, and selectivity: Si02 < Si3N4 <A1203 =Ta20S' These mem
branes have also been used in pairs (e.g. Si3N4 and Ta20S) to provide
for differential sensing based on the variation in response sensitivity

where the difference in response current is monitored [44]. This
method can increase the selectivity and stability.

2.3.2 Gas Sensitive Field-Effect Transistors

In 1975 Lundstrom et al.[17] were the first to describe agas

sensitive MOSFET device. This device consisted of a MOSFET with a

palladium gate exposed to the gas sample, which responded selectively
to H2. Later work showed that an ammonia vapour sensor could be

achieved by adding a catalytic iridium layer to the palladium [33].
Janata's group has focussed on work-function sensors which use a

suspended gate of catalytic metaI. The selectivity was modified to allow
detection of the lower aliphatic alcohols by adding a polypyrrole layer

to a suspended platinum gate [40].
Many of the gas sensitive FETs have been given specifie names and

acronyms; however they can ail be considered to fall into the generic

category of GasFETs.

2.3.3 Enzyme-Modified Field-Effeet Transistors

In order to broaden the range of possible applications and

increase the selectivity of ISFETs, enzymes have been incorporated
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into the chemical recognition stage of ISFETs. The resulting devices
are usually termed EnFETs.

The majority of EnFETs reported in the literature utilize a pH
ISFET combined with an enzyme either immobilized on the surface or
entrapped in a gel layer. The enzyme alters the local pH at the pH
sensitive surface. The first functioning device was a penicillin
responsive sensor that gave a differential output from a cross-linked
albumin/penicillinase film versus a blank cross-linked albumin film

[24]. Similar sensors have been constructed for ure a, glucose, and
acetylcholine. Recent papers involving EnFETs describe the use of a
LB film to immobilize penicillinase [45], and a F- ISFET used in
conjunction with co-immobilized glucose oxidase and peroxidase, in the
presence of organo-flouro compounds, to monitor glucose [46].

Lundstrom's group has produced a different sort of EnFET [33].

They used a NH3 sensitive GasFET which was either held above the
enzyme solution or separated from the solution by a gas permeable

membrane.
An oft-quoted advantage of the first type of EnFET described

above is that the small gate area provides for the use of extremely small
amounts of enzyme. This is not the case for the gas-sc;nsing FETs.

2.3.4 Miscellaneous FET-Based Sensors

There are a couple of other types of sensors which are not covered
in this review that should be mentioned briefly. First there are the

immunologically-modified FETs (ImFETs). While several attempts
have been made to manufacture such a device, there has been a marked
lack of success. These are still very much a "future" possibility. Next
there are the modified geometry FETs such as the extended-gate

ISFET which facilitates the encapsulation procedure [47], or the
micro-ISFET where integrated circuit construction technology is used

to simultaneously shape the probe and fabricate the ISFET [19].
Another term which is commonly encountered is chemically

sensitive field-effect transistor (ChemFET). Unfortunately this has
taken on two different meanings. Sometimes the definition
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encompasses ail of the FET-based sensors described above. A more
limited definition narrows the scope to just the FET-based sensors
which respond to non-ionic compounds.

2.4 Operational Theory

The relationship between MOSFETs and ISFETs was examined

briefly in Section 1.2.6. In this section the basic theories concerning the
operation of MOSFETs will be firsl examined using a simple mode 1,

and these theories are then extended to the use of ISFETs.

2.4.1 MOSFETs

•

The treatment presented here is drawn from Chapter 9 of Muller

and Kamins [48]. The reader should consult this reference, or any other
text covering field-effect electronics, for a more detailed discussion of

the physical electronics of semiconductors.

2.4.1.1 Simple Model
The MOSFET is a four-terminal device as seen in Figures 2-1 and

2-2. A voltage, usually ground, is applied to the base terminal (VB)
which is connected to the body of the device which is p-type silicon in

this example. Current is measured across the terminais connected to
the source and drain junctions which are n-type silicon diffused

regions. The gate is the input termina!. The voltage present at the gate
(Va) modulates the drain current (ID), while the insulating oxide layer

between the metal gate and the body of the device prevents any current

from being drawn from the input gate.
Another name for the MOSFET is insulated-gate field-effect

transistor (IGFET). This term is more generic; it covers devices that

have insulating layers of silicon dioxide as weil as other materials.

2.4.1.2 Modes of Operation
In arder for the channel between the source and drain ta be
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Figure 2-2. MOSFET cross sections with inversion and depletion regions.
(a) Va > VT. Vo is zero
(b) Va > VT. Vo is small
(e) Va> VT, Vo islarge

conductive, the field due to the input gate voltage must cause an inver
sion layer in the p-type silicon. The inversion layer is shown in Figure
2-2. (ln this discussion and in Figures 2-2 and 2-3. the base and source

terminais are grounded (YB = Vs = 0 V). This is the standard setup.
Ali voltages are relative to VB')

When VG is increased from zero volts, a depletion region is

formed first as the positive holes are repelled from the Si 1 SiOz
interface. As VG is increased further to a voltage greater than the
threshold voltage (VT). the inversion layer is created at the interface

(Figure 2-2(a». This is effectively a channel of n-type silicon. The VT

of a MOSFET is characteristic of the particular device and is
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dependant on the physical and chemical design parameters. When VG

is greater than VT, any variations in VG alter the electron density in the

channel thereby modulating 10. This output current f10ws from the
source through the channel to the drain when a voltage is applied to the

drain (Vo) (Figure 2-2(b». In Figure 2-2(c) Vo has been increased to
the point that the electron density around the drain approaches zero

and the channel is pinched off. Current still f10ws but is not affected by
any further changes in Vo. The transistor is said to be saturated.

There are thus three distinct states possible for a MOSFET. If VG

is less than VT, the transistor is turned off. When the transistor is

turned on it can operate in either an unsaturated or a saturated mode.
This can be seen in Figure 2-3. The dashed !ine separates the unsat

urated region to the left from the saturated region to the right. This
!ine indicates the drain voltage at the onset of saturation (VO(sat)

which can be calculated according to Equation 2.1.

v = V - V
D(5aI) G T

In the unsaturated region the current response follows Equation 2.2:

(2.1 )

L
[CV,-V,)V, - (2.2)

where IJ.n is the electron mobility, Cox is the oxide capacitance. W is the
width of the channel and L is the length of the channel (distance

between source and drain).

In the saturated region Vo is greater than VO(sal)' however the

transistor acts as if ouly VO(sal) is app!ied. The value of VO(sal) from
Equation 2.1 can therefore be inserted into Equation 2.2 to give:

2L
(2.3)

for the current response in the saturated region.
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Figure 2-3. MOSFET response curves.
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(This data is aClually from a Ph ISFET in 0.1 M KCl versus a SCE
reference electrode (File CH36-S2.TST»

There are distinct advantages to working in both regions. In the
unsaturated region ID responds linearly to changes in VG. but is
susceptible to any variation or noise in Vo. Operation in the saturated
region gives a larger ID which is unaffected by Vo but the response is
non-linear.

2.4.1.3 Types of MOSFETs

There are four possible types of MOSFETs. The above example
has a p-type silicon base with a source and a drain of n-type silicon.
This is called an-channel MOSFET. In a p-channel MOSFET the base
is n-type and the diffused junctions are p-type. The theory for
p-channel MOSFETs is analogous to the theory given for n-channel
devices.
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Both n-channel and p-channel MOSFETs can be further classified
as either enhancement-mode or depletion-mode. An-channel enhance

ment mode MOSFET requires that a positive voltage be applied to the
gate in order for the inversion layer to exist (VT > 0). In an-channel

depletion-mode device the channel is created by ion-implantation. The

channel is present even with a negative VG applied (VT < 0), and the

gate is used to reduce the channel conductance. Similar enhancement
and depletion-mode devices also exist for p-channel MOSFETs.

2.4.2 ISFETs

The operational the ory for a MOSFET can be easily extended, in

an empirical sense, to describe the response of an ISFET. A

comparison of the MOSFET and ISFET reveals many similarities. The
ISFET of Figure 2-4 differs from the simple model of Figure 2-1 only in

the presence of a reference electrode 1solution 1 insulator interface in

place of the metal gate 1 insulator interface. The metal electrode of the

reference can be considered as the gate, and the potential contri

butions due to Eref, Elj and the pH-dependant surface can ail be

considered as contributing to the threshold potential. Ali the constant

terms can be collected in VT *, leaving the surface potential rp 0 as the

only variable. In the unsaturated region, Equation 2.2 can be rewritten

as:

/-lD CDX W

L
( V-V'_III)V -

G T 'P'" D (2.4)

and the same change can be made to Equation 2.2.

When conventional membranes such as Va!/PVC are coated on an
ISFET, Nernstian response can be achieved and the Nernst term can be

used to replace /fi 0:

RT
'P. =

zF
A
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Figure 2-4. Schematic of an ISFET (not to scale).

For the inorganic membranes used for pH determination sub-Nernstian
response is the norm and Equation 2.4 represents the response of the
device more truthfully.

2.4.2.1 Mechanism of Response for the pH ISFET

The first ISFETs that were studied used a Si02 membrane.
Because of the similarity to conventional ISE glass membranes, initial
attempts at developing an operational mechanism for the ISFET were
based on the theory for hydrated glass electrodes. This did not
adequately explain the sub-Nernstian response observed for the Si02
ISFET, and was found to be inapplicable to ISFETs using other

membranes such as Si3N4 and Ta20S which do not form a hydrated
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surface layer.

Siu and Cobbold [49] were the first to apply the site-binding model

to ISFETs. This treatment was developed initially to study the
oxide/electrolyte interface in colloid chemistry [50]. In this model the

surface potential ('1' 0) is developed due to the acid/base chemistry of
amphcteric surface hydroxyl groups. Electrolyte components bind

reversibly to these surface sites and there is no transport or diffusion
into the bulk of the membrane. The pH sensitivity of the insulating

layer has been shown to depend on the site density and the reactivity of
the site as expressed by the acid and base dissociation constants

[51,52]. The membrane used in this thesis, Si3N4, forms an oxynitride
surface layer which provides the necessary hydroxyl groups, and the

response adheres to this model.
The site-binding model has been compared to other models

involving diffusion into the bulk in a paper by Bousse and Bergveld
[53]. They found that for gate materials which do not hydrate the site

binding model is accurate. (In their work the term site-dissociation is

used instead of site binding.) For Si02 the presence of buried OH sites

was proposed as an explanation for behaviour which did not follow the

site-binding model. Sandifer [54] has also examined this topic. His

paper focuses on the effects of non-specific adsorption and its

relationship with the different models.

2.4.2.2 Refererce Electrodes for ISFETs

In Bergveld's original work [5] he introduced the possibility that

an ISFET could be operated without a reference electrode. This idea

was greeted with skepticism and several papers proved that a reference
electrode was necessary if the ISFET was to function as a

potentiometric sensor [16,55]. The thrust of tiJese arguments was that

in order to measure the potential across an interface, the potential on

one side must be fixed with a reference electrode. This has been

acknowledged by Bergveld [56]; however, he points out that his

suggestion was that an ISFET without the gate could monitor the
surface charge, not potential, which could be modulated by the solution

composition. A device of this type could not accurately be called a FET.

This direction of research was not pursued further.
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Ail present ISFET research is conducted with sorne type of
reference electrode. Unfortunately the best reference electrode is still
a conventional style saturated calomel electrode (SCE) or silver-silver
chloride electrode. This eliminates sorne of the benefits of ISFETs. 1'0

fully exploit the small size of ISFETs a micro-reference of similar
dimensions is necessary.

Three approaches have been used to try to develop a micro
reference electrode. The most obvious route is to just make a micro

version of a conventional electrode. For simplicity and safety, consi
dering the possibility of in vivo use, the calomel electrode has been
ignored and attention has focussed on the Ag/AgCI electrode. The
main problem with these electrodes is that the internaI solution is

reduced by the size restrictions to microliter volumes. This consider
ably reduces the lifetime and stability of the device. Attempts to
improve this type of reference have included the use of a gel as the
filling solution and reduction of the porosity of the plug that allows

solution contact. Neither of these improvements has overcome the
inherent problems.

The second type of micro-reference electrode eliminates the
internaI solution completely and exposes the electrode directly to the

sample. A bare Ag/AgCI electrode requires that the chloride activity of
the sampie be constant. This is not always a valid assumption.

Nevertheless, this type of reference may be useful for specific
situations where accuracy is not important.

The last micro-reference electrode we will consider uses differ
ential sensing and three electrodes. An ISFET is paired with a ion

insensitive reference FEl' (ReFET) and the gate voltage is applied by
the third electrode, known here as the gate electrode. The difference in

the currents for the two FETs is monitored. While the gate electrode
can be a regular reference electrode, ideally it would be replaced with a

simple metal electrode. This ReFET configuration is weil suited to be
used in a microsensor; however there are definite problems with both

the use of a metal gate electrode as weil as the methods used to render
the ReFET insensitive. This topic is investigated in detail in Chapter 7.

It is desirable that the micro-reference electrode be incorporated
into the ISFET chip using microelectronic engineering techniques,
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rather than just using smaller tubing, wires etc .. This should enhance

the stability, reproducibility and ease of handling of the overall sensor.

A device of the first type has been constructed which had a

micro-machined cavity with an internai AgiAgel electrode and a

porous Si plug [57]; however it did not overcome the problem of

reduced internai solution volume. The second type is the simples! !O

implement, but can only be used in a few specifie instances. The las!

type is a viable micro-reference electrode only if a metal gate electrode

can be used.
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CHAPTER 3

DESIGN AND CONSTRUCTION OF THE

FET CONTROLLER

3.1 Introduction

ISFET research can be roughly divided into three branches. The

most basic research focuses on the actual semiconductor device itself.

This area req!lires access to integrated circuit (IC) design and produc
tion facilities. The next level of research involves the post-fabrication

modification of ISFETs. Essentially, this is the study of selective mem

branes which are attached by chemical or physical means to the ISFET

gate. The final research area is concerned with the control electronics
and end-use applications of ISFETs.

The research undertaken for this thesis addressed the last two

research areas. One of the first tasks was to decide how the ISFETs

would be operated. Unlike ISEs and CWEs, which can be hooked up to

a potentiometer, ISFETs require control instrumentation which is not

commercially available. The instrument must control the voltages at
the four ISFET terminaIs (base, source, drain and reference), while

monitoring the output current.
An instrument was designed and fabricated in order to study the

operation and modification of ISFETs. This instrument was named the

FET Controller. Ils des'ign and construction is detailed in this chapter.

The operation of the FET Controller is described in Chapter 4, along

with the computer software which completes the system. The instru

ment is also used, after sorne modifications, in Chapter 7.
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CHAPTER 3

Desilln CQnsideratiQns

(

BefQre designing an instrument, the desired capabilities must be
clearly defined SQ that the instrument will be able tQ fulfill its purpQse.

This is difficult in basic research, hQwever, because the results of each
experiment may change the course Qf the research, Qr even alter the

ultimate gQal of the research. Thus, Qne Qf the prime requirements that
a research instrument must meet is adaptability. It shQuld be pQssible

to modify the instrument in order tQ meet unforeseen demands, as weil

as the expected requirements.

One desired capability was that the instrument shQuld be able tQ
contrQI an array Qf ISFETs. This was tQ facilitate testing Qf a series Qf

membranes Qf varying cQmpQsitiQn. FQr example, an array of K+
ISFETs CQuid be tested simultaneQusly in a single solution. With this

setup, the effects Qf a variety Qf external parameters, such as stirring
rate and temperature, are reduced within the individual runs. An added

benefit is a decrease in the experimental time.
An ISFET array may exist Qn a single IC chip, be compQsed Qf sev

eral chips cQntaining single ISFETs, Qr SQme cQmbinatiQn Qf these two

extremes. The le chips used in this research incorporated two ISFETs

and two IGFETs on each chip. The use of several of these chips allows
for cuncurrent monitoring of separate solutions with multiple ISFETs.

This capability fits the requirements for dissolution testing, which was

initially considered as·. a possible application. Dissolution testing is

used in the pharmaceutical industry to determine the rate of solvation
of a pi1l or capsl1:e in an aqueous system. TQ cQnform tQ government

and industry standards, the apparatus used for dissolutiQn tests must
have six separate vessels. With this applicatiQn in mind, it was decided

that the FET CQntroller shQuld control 6 chips (cQntaining 12 ISFETs

and 12 IGFETs).

The simultaneQus cQntrQI Qf, and data acquisition from 12 ISFETs,
with the analysis Qf the results by hand, WQuld have been difficult and

time cQnsuming. TQ avoid these prQblems, the FET CQntrQller had tQ

be computer Qperated. The cQmputer was used to acquire, display, and

stQre the data in real time as weil as fQr subsequent analysis. The use of

computer cQntrol alsQ increased the adaptability Qf the instrument
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system because the computer programs could be modified independ
ently, or in conjunction with the FET Controller circuitry.

The ability to perform comprehensive tests on a single ISFET, or
IGFET, was also desired. This was to enable the determination of the

various electronic parameters that apply to ail FETs, such as the char
acteristic drain current versus drain voltage curves seen in Figure 2-3.

For this mode, the signal had to be sampled as directly as possible while
the gate and drain voltages were varied.

3.2.1 The ISFET Chip

Before the FET Controller could be designed and constructed, the
ISFET chips it was to control had to be considered. The ISFET chips

were obtained from Dr. Jiri Janata of the University of Utah, Salt Lake
City, UT. The chip that was used was the UU03 [1,2], shown in Figure

3-1. The equivalent circuit is given in Figure 3-2(b). The exposed gate
consists of 80 nm of Si3N4 on top of 80 nm of SiOz.

..
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Figure 3-1. Schematic diagram of UU03 chip.
Ail dimensions are in mm. (scale= Z.54cm:lmm)
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external conncction

The ISFET chips had to be mounted, wired, and encapsulated
before they could be used. The chip was mounted on a glass ceramic die
on which a thick-fiIm gold pattern had been previously inlaid. The chip

was wire-bonded to the gold inlay. Figure 3-3 shows the die and chip at
this point. External connection to the FET controller was achieved by

soldering hook-up wires to the larger rectangular areas of the gold
inlay. The device was then encapsulated in epoxy. The details of this

entire process are given in Section 3.4
The final device consisted of an encapsulated ISFET at the end of

a nine-wire cable. The free end of the cable was connected to the FET
Controller according to the relationships shown in Figure 3-2(c). Each

FET was identified by its chip number, CH##, followed by SI, S2, Gl
or G2 to designate ISFET 1 or 2, or IGFET 1 or 2, respectively, accord

ing to Figure 3-2. For example, CH22-S2 designates the second ISFET
on chip 22.

('
3.3 FET Controller Design

There are two possible modes of operation for an ISFET. In the
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Figure 3-3. Schematic of ISFET chip mounted and wire-bonded on die.
Ali dimensions in mm.

first mode, ail of the control voltages are held constant while the output

current is monitored. This is known as constant voltage operation.

The second mode is constant current operation. The output current,

ID, is held constant by using feedback to vary VG (the reference
voltage). Monitoring VG provides a direct measure of the changes in

the surface potential. The operational the ory given in Section 2.4 was

based on constant voltage operation. The theory is also valid for

constant current operation, however the equations can be rewritten to

solve for VG'
Constant current operation is preferred because of the direct

correspondence between the output and the surface potential. Unfor

tunately, this mode cannot be used to operate an array of ISFETs which
ail share the same reference electrode. In this situation, the reference

electrode potential must be he Id constant.
An alternative approach was used by Haemmerli et al. [3] which

combined features of constant voltage and constant current operation.

This was the mode of operation chosen for use in the FET Controller.

The circuit is detailed in the following section. Once the ISFET control
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circuit was finalized, the demands that the rest of the FET Controller
components had to meet were also known. These were satisfied by use

of a digital-to-analog (D/A) system to provide the necessary control
voltages, and an analog-to-digital (A/D) system to acquire the data.

3.3.1 ISFET Control Circuit

The circuit of Haemmerli et al. was designed to use either one of
the two matched ISFET/IGFET pairs on the UU03 chip (described in

Section 3.2.1). This circuit was modified slightly for use in the FET
Controller. The complete ISFET control circuit for a single ISFET is

shown below (Figure 3-4). Although this is a constant voltage circuit, it
does provide a direct measure of the changes in surface potential, as is

found in constant current circuits. It achieves this effect by using
feedback to the IGFET as follows.

The source terminais of the ISFET (SOS) and IGFET (GaS) form

(

"(to rC6)

."

ISFET CONTROL BOARD

." .

'"{l,,,,,, rCl)

~
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'" 'Cl p'

'"(l'<)n'I rCl)
.,.
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,'"
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Figure 3-4. Schematic diagram of ISFET control circuit.
Fuoclioo of operaliooal amplüiers: 1,2 - curreol-to-vollage cooverlers;
3· diff(;reolial amplifier; 4· feedback sIage; 5· OUlpUI buffer.
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the inputs to a matched pair of current-to-voltage converters. The
source voltages are zero because the inverting inputs to the operational

amplifier (op·amp) are virtual grounds. The voltage outputs from these
two converters are then fed into a differential amplifier. The noninver

ting input of the feedback stage is also a virtual ground. Therefore the
output of the differential amplifier must be equal to -VSO. The feed

back stage must produce an output voltage which, when fed back to the
IGFET, makes it possible to maintain this condition. This voltage is the

output of the circuit. The last op-amp merely serves as an output buffer

10 isolate the control circuit from the A/O circuit input.

The effect of this circuit is to keep the difference in the drain
currents c:onstant. The magnitude of the difference is dependant on

VSO and, of course, the ISFET and IGFET themselves. In this manner,

the feedback voltage, or IGFET gate voltage, mirrors the changes in

the surface potential of the ISFET. The other voltages that must he
controlled are VOO, the drain voltage, and VZO which is present to

offset the output voltage. (The output offset was necessary to keep the

output within the voltage range of the A/O converter.)

For the direct testing of single ISFETs or IGFETs the output of
op-amp 1 was monitored. (For the IGFET, the metaJ gate, GOG, was

connected to REFO.) In this fashion the output of the FET passes

through only a single current-to-voltage stage before being input to the

data acquisition board. This is not shown in Figure 3-4.

3.3.2 Digital-to-Analog Control Circuit

There were 8 voltages that had to be controlled in the ISFET

control circuit. The circuit itself controlled the source voltages (SOS

and GOS), the common base terminal, and the IGFET gate (GOG). The
reference voltage (REFO) was set directly by a 01A converter included

on the commercial data acquisition board.
This left the common drain voltage (VOD), the set voltage (VSO)

and the zero offset voltage (VZO) to be controlled for each ISFET. The

12-ISFET array therefore required a total of 36 voltage inputs. The

data acquisition board had only 2 DIA converters, with one already
assigned to control REFO. A possibility that was considered was to use
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the acquisition board's remaining D/A converter combined with a
series of sample-and-hold circuits. This idea was rejected because of
the excess computer time that would have to be spent on periodically
refreshing the voltages. A hardware intensive method was used instead,

whereby a series of 36 D/A converters, built into the FET ControIler,
were used te individually control the voltages. Because of their ability
to hold a constant output voltage, these converters had to be set only
when the voltage needed to be changed. This allowed more computer

time to be spent on data acquisition, display and storage.
The D/A converters were controlled by the digital input/output

section of the data acquisition board.

3.3.3 Analog-to-Digital Data Acquisition

The requirements for this subsystem were fairly simple. The out

puts from the 12 ISFET control circuits (SO-Sl1) and the test circuit
output were ail referenced to a common ground, therefore either
single-ended or dlfferential inputs could have been used. The A/D con
verter inputs could have been bipolar or unipolar. This was dependant

on the set voltages and offset voltages used.
Most commercial pH/ion potentiometers have a readout resolu

tion of 1 mV. This was taken as the maximum acceptable value for the
A/D converter used for the FET Controller. A 12-bit converter was

found to be satisfactory. This gave a resolution range from 4.88 mV on
a ±10V scale to 0.30 mV on a + 1.25V scale. While a 14- or 16-bit

converter would have been uscful, these would have had to be pur
chased while a 12-bit board was aIready available in the laboratory.

3.4

3.4.1

Processing of ISFET Chip

Preparation of Die

The dies were fashioned from a 7.6 x 7.6 x 0.16 cm sheet of Macor,
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a machinable glass ceramic made by Corning Glass Works (Corning,
NY). The process for the metallization of the Macor was derived from
previous work in our laboratory [4].

The Macor was cut into individual dies measuring 13.0 x 9.0 x 0.16

mm with a diamond blade saw. The surface was ground and polished on
an Ecomet II polisher/grinder (Buehler Ltd., Lake Bluff, IL), using

water as a lubricant. AIl grinding was done with Norton Tufhak Durite
T421 diamond grit sandpaper (Pascal Hardware, Montreal, Que.).

Polishing was performed with various grades of Micropolish II
aluminum oxide on a Microcloth (aIl from Buehler Ltd.). The Macor

wa, polished, degreased, and dried as foIlows:

1. Grind with 400 grit paper for 1 min.
2. Grind with 600 !\rit paper for 1 min.
3. Sonicate in distIiled water for 5-10 min.
4. Sonicate in acetone for 5-10 min.
5. Dry in 130 oC oven for 10 min.
6. Polish with 14.5 ~m aluminum oxide for 30 s.
7. Polish with 1.0!lm aluminum oxide for 30 s.
8. Polish with 0.3 !lm aluminum oxide for 1 min.
9. Sonicate in 50:50 acetone:trichloroethylene for 15-30 min.
10. Rinse with distiIled water.
Il. Dry in 130 oC oven for 1 h. Dies should be vertical.

The die was then coated with a positive photoresist made by MG
Chemicals (Toronto, Ont.). One side of the die was dipped in a 1:2

emulsion:thinner (MG#416:MG#417) solution. Excess photoresist was
drained off by touching the corner of the die to a Nalgene surface. The

resist was then air dried for 2 h in the dark, at room temperature. The

other side of the die was coated in the same manner, and the die was

dried overnight.
The resist was exposed to Iight in order to define the gold inlay

pattern. The inlay pattern can be seen in Figure 3-3. A positive image of

the inlay (i.e. gold area was black) was photo-reduced (115), and the

negative was used as the exposure mask. The mask was positioned on

the die. The photoresist was exposed to a 275W sunlamp at a distance

of 23 inches for 3 min. The photoresist was developed in a 6:1 water:
developer(MG#418), room temperature solution for 30 s. The die was

removed and swabbed with a Kimwipe soaked with the developing solu

tion to remove the remaining resist from the inlay areas. The die was
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washed with distilled water and patted dry with a Kimwipe.
The nexl slep was to etch the inlay pattern using hydrofluoric acid

to dissolve the glass component of the exposed Macor. The dies were
placed in a 5% HF solution, swirled for 15 min, sonicated for 1 min, and

swirled for 2 min more. The dies were then rinsed with distilled water,
followed by acetone to remove the resist, water again, th en dried for 1 h

at 130 oc. The acid etch left a ceramic residue. This was scraped out,
using needle probes and a small knife, to leave the recessed inlay pat

tern. The dies were cleaned and dried by repeating steps 9,10, and Il.
The gold inlay was formed by depositing a gold ink (#A3360,

Englehard Industries, East Newark, NJ) on the surface of the die,
followed by grinding and polishing of the surface. The die was covered

with gold ink, and a glass slide was drawn across the surface to remove
excess. The dies were placed in a muffle furnace at room temperature,

then the furnace was turned on and heated at the maximum rate to a
final tempe rature of 900 oc. This temperature was held for 15 min,

then the door was opened slightly to allow the furnace to cool at a rate
of approximately 30 oC/min. A second coat of ink was applied and fired

in the same manner.

Steps 2 through Il of the grinding and polishing procedure were

repeated, leaving the thick-fiIm gold inlay on the die surface.

3.4.2 Mounting and Wire-Bonding of the ISFET Chip

(-

The ISFET chip was glued cnte the die using Epo-Tek H62 epoxy

(Epoxy Technology Inc., Billerica, MA). This epoxy was also used for

all subsequent encapsulation steps. The epoxy is a single component,

black, thixotropic paste. A small dab of the epoxy was placed on the die
and the chip was seated. The epoxy was cured at 130 oC for 1 h.

Wire-bond connections, between the chip and the gold inlay on the

die, were made with a hybrid thermosonic wire-bonder, Model 2402-2,

equipped with a 2-channel ultrasonic generator, Model 4320A, both

made by Kulicke & Soffa Ind. Inc. (Horsham, PA). A 25-l1m gold wire

was first ball-bonded to the gold inlay, then stich-bonded to the

54



CHAPTER ï

aluminum pads on the chip. The instrument settings were:

stage temperature
lst bond power

time
force

2nd bond power
time
force

baIl size
manual flame

l700C
9
6
4
6
1
7
6
off

The continuity was checked between the gold inlay and the aluminum
bonding pads on the chip. Any breaks were repaired with a silver epoxy.

Epo-Tek H21-D, which was cured at 130 oC for 15 min.

3.4.3 Encapsulation and External Connection

The ISFET chip was encapsulated with the Epo-Tek H62 epoxy.

before the external connections were :nade, to prevent damage to the
wire-bond connections. A very small am ou nt of epoxy was applied to a

particular area on the chip or die, i. e. one end of the gold wire, and the
epoxy was quicidy cured by placing the die on a fiat surface 5 cm below

the nozzle of a heat gun for 5-10 min. This cycle was repeated until the

entire chip and wire-bond wires were encapsulated, taking care to leave

the ISFET gate areas exposed.
A 1 meter, 9 conductor (multi-strand) shielded cable was used to

connect the ISFET chip to the FET Controller. The ends of these wires
(1-2 mm) were stripped, tinned, and bent into the proper shape. They

were then soldered to the wiring pads, also pre-tinned, on the periphery

of the die (Figure 3-5). The electrical connections were tested again.

The die was then completely encapsulated, except for the gate

areas. Small windows, approximately 0.8 by 0.5 mm, around each gate

allowed the ISFET gates to be exposed to the solution. This was again

done by applying small amounts of the epoxy at a time, with curing

under the heat gun. The whole cable, die, and ISFET assembly was

placed in an 80 oC oyen overnight for final curing.
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Figure 3-5. ISFET and die prior to final encapsulation.

3.5 Construction of the FET Controller

The FET Controller was contained in an instrument case separate
from the microcomputer. The ISFETs and reference electrodes were
hooked up to the FET Controller via front panel connectors. Ali of the

control circuits were fabricated on five wire-wrap circuit boards (Fel
FCS) which were plugged into a series of edge connectors that were

permanently installed and hardwired in the instrument case. A terminal
strip board (FC6), supplied with the data-acquisition board, was also

hardwired into the FET Controller. A ribbon cable enabled communi
cation between the instrument and the data-acquisition board in the

computer. The power supply and front panel connectors were also per
manently installed in the instrument.

A block diagram of the FET Controller appears on the next page
(Figure 3-6). The connections between the DIA board (FCI) output

voltages (YOD ... V83) and the input voltages (VZO ... VSll) on the
ISFET control boards (FCZ, FC3, and FC4) have been omitted from

this diagram for clarity.
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The details of the parts and circuits used in the FET Controller are

given in the balance of this section. The computer and data-acquisition

board will be discussed in Section 3.6.

3.5.1 FET Controller Parts List

3.5.1.1 Part Nomenclature

Table 3.1 is :i complete list of the parts used in the FET Control·
1er. All of the parts on the wire-wrap circuit boards (FCI-FC5) were

assigned a reference label. This was to allow cross reference between
the schematics, layouts and parts list. The first part of this label is one

or two letters describing the type of part (i. e. OA - operational
amplifier, RP - resistor pack). Following this is a single number indic

ating which board the part is on (1-5). The number after the hyphen
refers to the number of the part on the board. For example:

ICl-9
C3-4

is the 9th integrated circuit on board FCl
is the 4th capacitor on board FC3

f

.~ ..

The only exceptions to this nomenclature were the capacitors placed
between the operational amplifier power supply terminaIs and ground

(Iabelled CPS), and the power supply and case components.

3.5.1.2 Sources of Parts

The quad DIA converters (ICI-I through ICl-9) were purchased

from BBD Electronique, Pointe Claire, Que. The FC6 board was the
remote terminal board (DT707) supplied with the data-acquisition

board (model DT2801, Data Translation Inc., Marlborough, MA). The

manufacturer's manual should be consulted for further details concern

ing these two boards.

All other parts were purchased from any of three electron:c whole

salers: Electrosonic (Mississauga, Ont.); Active Electronics (Montreal,
Que.); or Newark Electronics (Laval, Que.). Sorne parts came from

more than one supplier, or were stocked in the laboratory. Therefore,

only the original manufacturer is given in Table 3.1.
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Table 3.1
~

Parts List for FET Controller

Reference Part Description Rating Manufacturer

FCI 3662·2 wirc Mar circuit hourd 4.Sx9.6 iroches Veclnr

ICI·I 10 (CI·9 AD7226KN quad DIA couverter 8 hil Anll.lllg Dc\'ict'!'o

ICI-IO SN74LS42N 4 10 10 decoder Mnlllfl))U

VOI·I uA7905C ~S V VOItIlg:~ rc{CulslOT 5%.100 mA Fairchild

YGI-2 LM340·5T +5 V voilage rcgulalor 5%, 1.5 A Mnlllhl\lI

VRI·I MCI404U5 +S V voltage rereTence 1%.10 mA Mntornltl

VRl-2 MCI404UI0 + 10 V voltage referencc a,IOmA MoIOTt)):1

TI·I & TI·2 3252W 100 Ka trimpol. 2S IUTU 5%.. 1 W Bourns

RDI·I SN75473 dual rel a)' driver 300 mA Te:tus Instruml'l11s

RRI·] & RRI-2 835C·1 SPOT rccd relélY 5 V, 200 n Gllfdos

RPI·IIO RPI-9 4116R·001 hIO kn dip rl:sislor pack 2%.2.25W Bllurn:-.

OAI·I la OAI-9 TL075CN quad opcratil"l!1111 amplifier Texas Instruments

OAI·IO la OAI·12 TL071CP single operational amplifier TeXHs Instruments

TI-3 10 TI_Slll 3299W 10 ka trimpol. 25 1urn 0.5 W BOufns

~ FC2, FC3, FC4 3662 wirc wrap circuit board 4.5x6.5 inL"hcs Veclor

R2·1 la R2·8

}......
R3·] la R3·8 MR25F 470 a metal-film resistors 1%,1/4 W Philips

R4·1 la R4·8

R2·9 la R2·16

}
,.

R3·9 10 R3·16 MR25F 1 ka metal-film resistors 1%,1/2 W Philip!'i

R4·9 la R4·16

R2-17 to R2-32

}R3·17 10 R3·32 MR25F la ka metal-film resistors 1%,1/2 W Philips

R4·17 la R4·32

R2·33 la R2·36

}R3·33 la R3·36 MR;5F 20 ka metal-film resistor!'i l\{, ]/4 W Philip!'i

R4·33 la R4·36

R2·37 la R2·44

}R3·37 la R3·44 MR25F 100 ka metal-film resistors 1%,1/2 W Philips

R4·37 la R4·44

RP2·I, RP2·2

}RP3·I, RP3·2 4116R·001 8X10 kO dir resÎstor pack 2%.2.•'5 W Bourns

RN· 1. RP4·2

C2·1 la C2·4

}C3·1 ID C3·4 10 pF NPQ ceramic capacitors Philips

C4·( la C4·4

.0::' '.
(Continued on neJ.t page ... )

...::.0-
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Continuation of Table 3.1
(Parts List for FET Controller)

T2·) ta T2-4

T3~1 to T3-4

T4·) 10 T4·4
} 3299W J kO trimpOl, 2S turn 0.5 W Bourns

}TL07ICP

}TLoncp

T2-S 10 T2-12 Ill}
T3·5 10 T3·12 '" 3299W

T4-S 10 T4-J2 Il)

CA2-) 10 DA2-4

OA3·1 loOA3·4

OA4·1 10 0A4·4

OA2·5 10 OA2·8

OA3·5 10 OA3-8

0A4·5 10 OA4·8

OA2·9 10 OA2·12 }

OA3-9 10 OA3-12 LM741CN

OA4·9 to OA4-J2

10 kO (riropa!, 2S lum

dual operslionnl ampli fiers

single operational amplifier

single operations} amplifier

0.5 W Boums

Texas Instruments

Texas Instruments

Motorola

OA2-13. OA3·13

& OA4-13

TL075CN quad operations1 amplifier Texas Instruments

<: FC5 3662 wire wrap circuit board 4.Sx2.2S inches Vector

TS-I. TS-2 Hl 3299W 10 ka trimpoi. 2S turn O.5W Boums

OA5-I, OA5-2 TL071CP single operationa] amplifier . Texas Instruments

1452 FFI3 instrument case 9.Sx9.Sx13 inches Hammond

W28 wire wrap wiTe Vector

8529·100 hook-up wiTe Selden

CPS CI 10 nF Mylar capacitors Active Electronics

T6R, T49 wiTe wrap posis Veel or

8 pin, 14 pin wire wrap dip sockets Texas Instrumenls

14, 16.20 pin wire wrap dip sockets Cambion

• 3416 14 pin dip connector for ribbon cable Scotchfiex

44 pin card edge connector EDAC

RELAY KAlIAT power interruplion protection relay Pottcr&Brumfield

FUSE AGC2 AC Hoe fuse 2 A, 250 V Buss

PANEL SWITCH 554·1131-211 front panel switch Dialight

POWER SUPPLY HPFD OIS 006 fIS V al 0.6 A Hammond

(1) Trimming potcntiomeler~are shown in Figures 3-9, 3·11, and 3·12, but not in Figures 3-8
and 3-10. These were used to offset the operational amplifiers.

(2) CPS capacitors were placed across operational amplifier power supplies (:lSV) and ground.
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Case and Power Supply Connections

The data-acquisition terminal board (FC6), card edge connectors,

front panel connectors, and the power supply were permanently

installed and hardwired in the instrument case. The ±IS VDC power

supply configuration is shown in Figure 3-7. A relay was placed on the

incoming AC power line to prevent the FET Controller from turning

back on after a power interruption. This was to avoid damage to the

ISFET chips due to random voltage settings of the 0/A, and surging,

upon power up. The 0/A board (FCI) included two voltage regulators

(VG 1-1 and VG 1-2) to supply ±S VDC to various IC chips.

The front panel connectors consisted of two sockets for the

reference electrodes, and six snaplock 9-terminal strips for the ISFET

chips. The card edge connectors were mounted vertically on an

L-bracket of our own design. The wire-wrap circuit boards were

plugged into these connectors. The hardwiring of the edge connectors

is detailed in Tables 3.2, 3.3, and 3.4 for the DIA board, reference

board, and ISFET control boards, respectively.

3.5.3 DIA Board

The 0/A board (FC1) uses digital inputs and nine quad 8-bit DIA

converters (ICI-I ... ICl-9) to produce the 36 control voltages required

to control the 12 ISFETs. Banks of resistors (RP1-1 ... RPI-9) and

op-amps (OA 1-1 ... OA 1-9) were used to transform the 0/A converter's

unipolar analog output into a bipolar output. The circuit diagram in

Figure 3-8 shows only the first and last banks for simplicity. The board

layout in Figure 3-9 includes ail the components.

The 36 0/A converters were controlled with the 16-bit digital

input-output lines from the data-acquisition board. The 0/A convert

ers used 8 bits (PortO, DO ... 07) for the digital input of the voltage

value. Two more bits (Port1, 06 and 08) were used to select either a

+ SV or + lOV reference voltage. (One bit, 06, set the reference voltage

for ail the zero offsets (VZ's); and the other bit, 07, set the reference
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...,. Table 3.2
DIA Board (FC1) Edge Connections

FC1 Edge FC5 Terminal Strip
Connector Digital IJO

7 Port O. bit 7

l Port O. bit 6

L Port O. bit 5

10 Pûrt 0, bit 4

12 Port 0, bit 3

P POft O. bit 2

S Port O. hit 1

15 Port O. bit 0

H Port 1. bit 0

8 POrt l, bit 1

9 Port 1. bit 2

M Port l, bit 3

N Port 1~ bit 4

13 Pori l, bit 5

...... 14 Port l, bit 6

T Port I, bit 7-
18 ORO

}A +15 V Power Supply

D -15 V

Table 3.3
Reference Board (FCS) Edge Connections

FCS Edge Connector

H

L

l

M

Connects to

DACO on FC6

OACI on FC6

REFO on front panel

REFI on fron panel

2

A

D
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Table 3.4
ISFET Control Boards - Edge Connections

Edge
FC2 Board FCS Board FC4 Board

Connector
Functlon Connecta 10 Functlon Connecta to Functlon Connecta 10

2 GRD GRD GRD

A +15 V +15 V +15 V

D -15 V -15 V -15 V

E BO , B4 , BS .
5 SOS S4S SSS

F SIS S5S S9S

6 DRO DR4 DRS

H DRI DR5 DR9

7 GOG G4G GSG

J GIG G5G G9G

S GOS Front panel G4S Front panel GSS Front panel

K GIS connections to G5S connections ~o G9S connections to

L B2 ISFETs 0.1,2,3 B6 ISFETs 4.5,6,7 BIO ISFETs S,9,IO,11

10 S2S S6S SIOS

M S3S S7S SilS

Il DR2 DR6 DRIO

N DR3 DR7 DRII

12 G2G G6G GIOG

P G3G G7G GIIG

13 G2S G6S GlOS

R G3S G7S • GIIS

Fee A/D Fce A/D Fce A/D
Inputs Inpuls 1npuls

V TST CH12

W SO CHO S4 CH4 SS CHS

X SI CHI s5 CH5 S9 CH9

y S2 CH2 S6 CH6 SIO CHIO

Z S3 CH3 S7 CH7 SIl CHII
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for the drain (VD's) and set (VS's) voltages.) The remaining 6 bits
(PortI, DO ... D5) were used to address and trigger the desired DIA
converter.

The output voltage specifications for this board are listed in Table

3.5. In practice, imperfections in the op-amps and resistors produced
slight deviations from these specifications. The true values were

determined experimentally for ail 36 outputs and incorporated into the
software.

Table 3.5
DIA Board (FC1) Output Specifications

Reference Voltage

+5

+10

Range (V)

-5 TO +4.96

-10 TO +9.92

Resolution (V)

0.0390

0.0781

3.5.4 ISFET Control Boards

The outputs of the DIA board were connected by ribbon cables to
the three ISFET control boards (FC2, FC3, and FC4) according to

Table 3.6. These boards contain 4 ISFET control circuits as described

in Section 3.3.1. The schematic of a complete control board is given in

Figure 3-10 and the board layout is shown in Figure 3-] 1. Each of these

boards controIs 4 ISFETs, and tlle matching 4 IGFETs, on two chips.

A dual op-amp was used to provide matching current-to-v0Itage

input stages (op-amps 1 and 2 in Figure 3-4). The differential amplifier

and feedback stages used individual op-amps which were trimmed to

zero offset. A quad op-amp and two thick-film resistor networks were

used for ail four output stag,;, (op-arnp 5 and the four lO-Kn resistors).
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<- Table 3.6
Rlbbon Cable Connectlon Between DIA Board (fC1)

and ISfET Control Boards (fC2, fC3, fC4)

OAC Output 051·1 Olp 052·1 Olp Input Functlon
from FC1 11t Socket Pin # Socke! Pin # on FC21Z)

VOO 7 7 VZO

VOl 6 6 VZI

V02 S S VZ2

V03 4 4 VZ3

V30 2 2 VOO

V31 1 1 VOl

V32 13 13 V02

V33 14 14 V03

V60 8 8 VSO

V61 9 9 VSI

V62 ID - 10 VS2
V63 11 II VS3

DAC Output 051·201p 053.1 Olp Input Functlon
trom FC1 c1 , Socke! Pin # Socket Pin # on fC3"1

VIO 7 7 VZ4

VII 6 6 VZS

Vl2 S S VZ6

( VI3 4 4 VZ7

V40 2 2 V04

V41 1 1 VOS

V42 13 13 V06

V43 14 14 V07

V70 8 8 VS4

V71 9 9 VSS

V72 10 10 VS6

V73 II J J VS7

OAC Output 051·301p 054·1 Olp Input Functlon
trom Feil" Sockel Pin # Socke' Pin # . on fC4 1Z1

V20 7 7 VZ8

V21 6 6 VZ9

V22 S S VZIO
V23 4 4 VZII

VSO 2 2 V08
VSI 1 1 V09

VS2 13 13 VOIO

VS3 14 14 VOll

V80 8 8 VS8
V81 9 9 VS9

V82 10 ID VSIO
V83 11 Il VSII

( (1) Voltage OUtpUIS from DIA board (sec Figures 3-4 and 3-8).

(2) Voltage inputs 10 ISFET control boards (sec Figures 3-6 and 3-10).
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Figure 3-10. Complete schematicfor ISFET control board 1 (FCZ).
ISFETcontrol boards 2 and 3 (FC3 and FC4) are identical except:
1- TST output is only present on FC2, not on FC3 or FC4
2· For FC3: substitute 4,5,6,7 for 0,1,2,3; CHIP 2 and 3 for CHIP 0 and 1
3- For FC4: substitute 8,9,10,11 for 0,1,2,3; CHIP 4 and 5 for CHIP 0 and 1
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~ Figure 3-11. Component layout of ISFET control boards (FC2, FC3, FC4).

Ta allow for the comprehensive testing of individual ISFETs and

IGFETs, the output of op-amp l on ISFET control board 1 (FC2) was

wired ta the card edge. Hardwiring in the instrument case connected

this terminal (TST) ta the A/D converter as the thirteenth input. Aside

from this. ail three ISFET control boards were interchangeable.

3.5.5 Reference Voltage Board

The reference board was the simplest of ail, and it turned out ta be

unnecessary. The DIA co~verters on the data-acquisition board were

used to supply the refer:ence-electrode potentials. Both of the available

DIA channels were used to a110w for the possible use of two reference

electrodes simultaneously, as weil as to provide two different ranges

(REFO: 0 - +5V, 1.22 mV resolution; REFl: ±lOV, 4.88 mV resolution).

An op-amp buffer was used to isolate the DIA output from the solution.
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The circuit was exactly as shown at the top of Figure 3-4. The board
layout can be seen in Figure 3-12.

In the end, it appeared that the DIA outputs could have been
directly applied to the reference electrode. The main function of this

board is to allow for future modifications if so desired .

..,.

Figure 3-12. Compone nt layout for reference board (FCS).

3.5.6 Data-Acquisition Terminal Board

""'.", (.
.....:

This board (FC6) is actually just a screw terminal board that was
connected via a ribbon cable to the data-acquisition board in the

computer. Il was fixed and hardwired inside the FET Control!er. The
connections for the digital signaIs, DIA and A/D channels were listed

in Tables 3.2, 3.3, and 3.4, respectively. These hookups are qui te

straightforward: 16 digital !ines to the FET Control!er's DIA board, 2

DIA outputs to the reference board, and 13 inputs from the ISFET
control boards. The only thing of note is that single-ended, or pseudo

differential, inputs were used. In this mode al! the A/D inputs are

compared to the AMPLO termina!. This was connected to the FET

Controller supply ground.
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CQmputer CQnfiguratiQn

('

The computer was an IBM AT running at 6 MHz with an IBM CGA

colQr display. StQrage media included a 20-MB hard disk, 1.2-MB and

360-kB floppy drives. Hard copy was printed Qn either an Epson RX-80

paralJe! printer or a Hewlett Packard HP7470A seriai plQtter on the

COM 1 pQrt. The COM2 seriai pQrt was occupied by a Genius mQuse.

The cQmputer sQftware rcquired the presence Qf a 80287 math

coprocessor chip. One MB tQtal memQry (640 kB + 384 kB expanded;

expandable to 2 MB tQtal) was prQvided by the 512 kB Qn the mother

board olus 512 kB on an Intel AbQveBQard 286. The expanded memQry

was used fQr data arrays by the prQgrams in the next chapter.

3.6.1 Data-AcquisitiQn BQard

The Data Translation (MarlbQrough, MA) DT2801 (Rev A) acqui

sition board was used to provide the 13 single-ended 12-bit A/D

channels (16 channels available), the 16 bits Qf digital input/output,

and the 2 12-bit D/A channels. The accompanying screw terminal

board, DT707, was discussed in Section 3.5.6.
The jumpers on the DT2801 bQard were set as listed in Table 3.7 to

Table 3.7
Data Acquisition Board DT2801 Jumpl'r Settlngs

ln Out Function

WI W2, W17, W18, W20 Set base address to HEX 2EC
W19, W23 W21. W22. W24

W26 W25, W28 Select DMA ('hannel J
W27 W22. W24

W6.W8 W3. W7 Single~ended A/D operation

W4 W5 Bipolar A/D operation

WIO, WI2 W9.WII DIA convener DACa • range: 010 +S V

W13. WI5 W14. W16 DIA converter DAC 1 - range: -la 10 + 10 V
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enable the proper operation of the board. For further details about the
data-acquisition board, the reader should consult the manufacturer's
manuaI.

3.7 Summar:y

The design and construction of the FET Controller was described

in this chapter. It is worthy to note that the instrument was designed
before the end-use applications were determined. As such, there were

certain capabilities and functions that were built into the instrument

which were never fully utilized.

The FET Controller has no use as a stand-alone instrument. The
software that is required to operate th.:: instrument is described in the

next chapter, ~long with sorne test runs. The modular construction and
adaptability of the FET Controller was exploited in the experiments

that are reported later in Chapter 7, where a slight hardware modifica
tion enabled the instrument to function in a totally different manner.
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CHAPTER 4

SOFTWARE CONTROL AND OPERATION OF

THE FET CONTROLLER

4.1 Introduction

The software programs used to operate the FET Controller were

written in the Asyst language. The programs were composed from

modules of code. Sorne of these modules were used, as is, in more than
one program, while others were easily modified for use in other

programs. This method of programming, combined with the ability to

control ail of the experimental parameters from software and the

modular construction of the instrument, provided the FET Controller
system with a great degree of adaptability.

Two programs were written to control and acquire data from the

FET Controller. A multiple ISFET data-acquisition program enabled

the use of 1-12 ISFETs for a variable length of time. This program had

to "ontrol the ISFETs, as weil as acquire, process, display and tempo

rarily store the data in real time. The data could be permanently stored
after the run. The second prcgram was used to test single FETs. This

program had to cycle through the different Vn's and Va's. The acquisi.

tion, processing and display of the data for a single FET was much

simpler than the multiple ISFET program.
Another twoprograms were required for the post-run analysis and

plotting of the data from the two acquisition programs.

The listinf" t'f the four programs can be found in Appendix A. In

the balance of this chapter, each program is described and sample out

puts are shown. First, however, we will look at the Asyst programming
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package in general, and its advantages which were exploited by the FET
Controller software.

4.2 The Asyst System

Over the last 10 years a wide variety of sophisticated scientific
software for microcomputers has been introduced [1,2]. The Asyst

system (Keithley Asyst, Rochester, NY) has proven to be one of the
best packages for use in the research laboratory due to its combination

of data-acquisition, analysis and graphies capabilities. The Asyst lan
guage is similar to the Forth lan~:uage in that it consists of a library of

compiled words, from the simple, "+ ", to the complex, "SMOOTH",
which can be used to create new words that are immediately compiled

and added to the library. Other similarities to Forth are the use of
stacks and reverse polish notation. All words can be executed inter

actively, or from within another word. The Asyst package combines
high-Ievel language characteristics such as conditional looping and

multidimensional arrays, low-Ievel execution speeds due to optimized

coding of library words, and an interactive programming environment

including array and text editors.

The real strength of Asyst lies in the comprehensive library of over

1100 words. Il provides support for communication usinr RS232C and
GPIB/IEEE-488 protocols, simplifying the process tremendously. Files

can use several data formats including Lotus 1-2-3, ASCII and user
specified. The data-analysis module provides a variety of techniques for

waveform processing, curve fitting, matrix mathematics and statistics

which are too numerous to lis t, but it suffices to say that only the most

exacting application would require the user to write further detailed
routines. The graphies capabilities range from automatic X -Y plots to

customized 3-D plots.

There were four features of Asyst which proved to be particularly

useful. These are: 1) the interactive programming environment, 2) data
acquisition capabilities, 3) multitasking acquisition mode, and 4) token

variables. Interactive operation greatly facilitated program develop

ment. Small segments of code could be run before, or after, they were
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incorporated into larger segments. At the same time, the status of the
number and symbol stacks could be monitored. Another area which

benefited from interactive operation was post-run analysis. After the
programs described in this chapter were loaded, the data could be

easily manipulated further without having to write, or rewrite, a
program. These interactive tests usually consisted of 1-10 !ines of code.

If a routine proved to be useful it could then be expanded and saved for
future use. This is how the multiple ISFET and test FET analysis

programs described later in this chapter \l'ere developed.
The second useful feature was the data-acquisition capabi!ities

built into Asyst. The system uses a standardized set of words to control
virtually ail commercial data-acquisition boards. While knowledge of

the principles of data acquisition and the characteristics of the board
are still essential, the low level programming of the board is performed

by Asysl. This makes the programmer's job much easier, and there is no

decrease in performance. Indeed, the data-acquisition board's perfor

mance is enhanced by the higher level features of Asysl. One feature,

used in the multiple ISFET data-acquisition program, is the ability to

input A/D data into two buffer arrays cyc!ically. While buffer A is

being filled, buffer B can be processed and c1eared. After buffer A is

full, the roles are reversed. This acquisition mode ties in with the third

Asyst feature that was exploited, multitasking. This is not true multi

tasking in the sense that several programs could be run simultaneously,
but rather a form of concurrent processing. In Asyst, several data

acquisition and control functions can be performed in the background
while a regular program is running in the foreground. The background

acquisition is controlled by the interrupts from the real time c1ock. In

the multiple ISFET acquisition program, the acquisition of the A/D

data and the filling and switching of cyc1ic buffers (A and B) was
achieved ID the background. The foreground program would check the

status of the background operations and process the data when

necessary. The use of cyc1ic buffers prevented the foreground and

background opera:ions from changing the sarne data simultaneously.
The last Asyst feature which proved invaluable was the ability to

use token variables. A token variable is actually a pointer. Il can point

ta an address(es) in rnemory which rnay contain a scalar, or an array, of
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any type. It may point to a named variable, in which case the variable
and token names are interchangeable, or to a copy of a named or
unnamed variable, leaving the token and variable independent of each
other. There are two main benefits of token variables. One is that
although the token has to be declared before its use in a word, the data
type and size do not. Thus, a token can act as a dynamic array in that its
size, shape and type can change before or after its use in a word defin
ition, or during the execution of the word. Secondly, Asyst permits the
token to point to expanded memory as weil as main memory « 640 kB).
These two benefits combined to allow the collection and processing of

large amounts of data. The only disadvantage to using tokens is an
increase in processing time, but this was not a problem because the

FET Controller did not require fast acquisition rates.

4.2.1 Asyst Configuration

The programs in this thesis were written using Asyst 2.01 and the

computer configuration described in Section 3.6. The two acquisition
programs required the presence of Asyst modules 1 (base system,

graphics and statistics) and 3 (data acquisition). The analysis programs
needed modules 1 and 2 (analysis), and could be run without the data

acquisition board in place (i. e.- on another computer). The Asyst pack
age is completed with module 4 (GPIB/IEEE-488).

The mouse was set up to mimic the cursor control keys by execut
ing the driver MENU SMOUSE before entering Asyst. The driver was
obtained from Smart Mouse Software (Houston, TX) and was originally
developed for use with a different software package. The mouse was
mainly used in the array and text editors.

Besides the hardware setup, the Asyst software also had to be con

figured to specify how the avaiJable memory was to be used and which
system overJays were permanently loaded. Two versions of Asyst were

used. The data-acquisition programs were run under the versj~n

JMASYST2, and the analysis programs under ANALYZE. The main

differences between these versions are that ANALYZE has a larger

space reserved for unnamed arrays, to allow for calculations, and that
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JMASYST2 has the overlays and hardware configuration necessary for
data acquisition. The software configuration specifies can be found in
Appendix A (Table A.2).

4.3

4.3.1

Multiple ISFET Operation

Data Acquisition

This program shared a similar structure with all the other pro
grams. The first part loaded was always a Declare module. This serves

to initialize the data-acquisition interface, all the variables (including
scalars, arrays and tokens) and the various text and graphies windows.

The Declare file consists of words which are directly executed upon
loading. Ail of the other modules, which are loaded after the Declare
module, define new words that are executed later. These modules
consist of groups of related word definitions. For example, Words5

contains ail the words used for the permanent storage and retrieval of
data.

Only two words, SETl'P.FETS and RUN.FETS (File: Programl,
line #'s 18 and 67, respectively), are needed to execute the program.

Another word, TURN.ON (line # 5), was used to ensure that the ISFET
control voltages were ail zero before the ISFET leads were connected

to the FET Controller. Mter the run was finished, the data and
comments could be permanently saved with SAVE.MULTIPLE.DATA

(File: Words5, line # 78). These four words were entered and executed
interactively.

The complete listing of the multiple ISFET acquisition program is
in Appendix A. A fiowchart of the multiple ISFET data acquisition

program is shown in Figure 4-1. The word SETUP.FETS must be exe
cuted before acquiring data. This word prompts the user to enter the

necessary parameters usL;g the two screens shown in Figure 4-2. The
first screen was just a Iist of questions. The default parameters could be

accepted by hitting return. The second sereen was a customized array
editor for the entry of ail the control voltages values for the FET
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RUN.FETS
~

1,
1

1

START 1

BACKGROUND 17-:-----1
ACQUISITION '-------

SETUPFETS

: ,- ENTER LJ CHECK ~f-It--~-Oi' INITIAUZE:

". l!ARAMETERS l '1 PARAMETERS 1 1 CONTROLLER
_ GRAPHICS

DATA STRUCTURES

STORAGE

A/D HARDWARE

0(' .
~ . 1

1

1

1

1

1

1 L
L-

TER;JINATE
?

N Jy

_~C~4NI

J
RE-ZERO!

BUFFER 1

1

1

1

~

" -'

ERROR

HANDLING

POST-RUN PROCESSING

Figure 4-1. Flowchart for multiple ISFET data-acquisition program.
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(a)
VZ ranges: -5 te +5

-10 te +10
(Oefault value - 10 V)
Enter new range (5 or 10) 10

VOfVS ranges: -5 te +5
-10 to +10

{Default value = 5 V}
Enter new range (5 or 10) 5

Enter REFO value
REFO = 1. 0000 V

o 1

Enter REFI value ( 0) 2
REFl = 2.0000 V

Enter number of FETs to be monitored {12J : 12

Enter number of samples te be averaged per point {a} 8

Enter acquisition period in seconds (1) : .5

Enter gain (I) : l

~~

(b)
~~

VZ VD VS

0 .000 1.000 .500
1 .000 2.000 .500
2 .000 2.000 .500
2 . ':;(JO 2.000 .500
4 .(00 2.000 .500
5 .000 2.000 .500
6 .000 1.000 .500
7 .000 1. 000 .500
8 .000 1.000 .500
9 .000 1.000 .500

10 .000 1.000 .500
11 .000 2.000 .500

Enter value <CR>: 2.00

Input or change voltage values.
Present ranges are: VD/VS = ± 5
Note: VSO cannet be set < 0 ; VSJ

VOl, VD2, and VS9 cannot be
Hit ESC when tinishea

n.RANGE =
cannet be set
set. > 4.99

± 10
< -4.99

Figure 4-2. Input screens for multiple ISFET data-acquisition program.
(a) First screen - entry of hardware and acquisition p&rameters
(b) Second screen - customized array editor for input of FET Controller
DIA vullages
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1.•••• l±.... 1.•••• l!... 1...... ~ 1.•••• ~

_.~--' --- '""---_..

-1...... -1.11.1111 -1.11.1111 -1.11 ••11

1.•• 11. ~ 1.11 ••11 ~ 1.11.1111 lz.... 1.11.11. l!...
-------_.-.. ._--- --_._...-- -------_..-

-1.11.118 -1.11 ••11 -1.8.1111 -1.11.1111

1.11.118 l.!... 1.11.1111 ~ 1.11.118 ~ 1.11.811 ~

~-- ,..--- r-"--'--'

-1.... 811 -1.11.1111 -1.11.1111 -1.11.88

l"Acoiulrlng dau.. Preas SHIFT FI to stop 1
.creen. pro i nt. _

~----

Figure 4-3. Multiple ISFET data acquisition screen image.

Controller DIA board. After the initial use, this word was only used if

the parameters had to be changed.
The data acquisition was achieved by the word RUN.FETS. The

hardware and software were first initialized according to the parame

ters that had been entered. Il was at this point that the token variables'
dimensions and size were set. The display was configured to provide

separate windows for each ISFET (Figure 4-3) and the data acquisition
was started in the background. Meanwhile, the foreground program

started to cycle through the "refresh plot" branch. When one of the A/D

buffers was filled, the second branch wouId execute. The averaged data

would be appended to temporary file on the hard disk and also written
to the appropriate token in expanded memory. The temporary file was a

safety device to enable data recovery in case of a crash during an exper
iment. The program terminated on the operator's request or when the

tokens were full. The 16-kB expanded memory tokens permitted data to

be collected for 27 minutes at a 5-Hz acquisition rate or up to 136 hours

for a rate of 1 point a minute. The run time could be increased by a
maximum factor of 4 by adding another 576-kB expanded memory. Five

Hz was the maximum acquisition rate for the default settings of 12
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ISFETs, 8 samples per point and a D.1-ms conversion delay.
The CLEAN.UP routine (File: Words3, !ine # 236) was invoked by

the proper termination of the program, and also by minor crashes which
did not hang up the entire system. In the second case the system status
and error flags could be examined in the post-run processing stage.

The data could be saved permanently at this stage by the word
SAVE.MULTIPLE.DATA. The data file was formatted to save the data
for ail 12 ISFETs, the parameters, the date and time, and comments.

4.3.2 Data Analysis

The multiple ISFET analysis program, !isted in Appendix A,
enabled multiple ISFET data to be read in and plotted out. The word
PLOT (File: Words8, !ine # 52) was used for screen output, while the
word HARD.PLOT (!ine # 115) produced a hard copy output on the
pIotter. These wards shared similar characteristics including automatic
sca!ing and labe!ing. Both words require the token data for a single
ISFET to be present on the number stack. A set of smoothed data,
offset from the original data, is plotted out as weIl. The Asyst
SMOOTH function is a time-domain filter involving a convolution of
the data with filter weights derived from a low-pass (D.05-Hz cutoff)
Blackman window frequency response [3].

Post-run analysis was also performed interactively. The most fre
quent operation was the extraction of datum points at specified times.
The data were read off the screen using the GRAPHICS.READOUT
function of Asyst.

4.4 Testip& of Sipl:le FETs

Every ISFET and IGFET was tested using this program before use
in any other test or experiment. Later tests could be compared to the
original data. Because this is meant to be a standard test, there are no
user inputs. The data-acquisition parameters could be changed inter
actively or by altering the file Declare2.
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The data-acquisition requirements were less stringent for this
program compared to the multiple ISFET case. There was no need 10

store the data during acquisition because of the short experimental
time. The test could be repeated if necessary. A dynamically sized
token in expanded memory was still used to accommodate changes in
the acquisition parameters in interactive operation; however the data

were read directly into the token rather than passing through a buffer.
The rate of total A/D conversions was much lower because only one

FET was tested at a time and real time averaging was deemed unneces
sary. This allowed the use of Asyst's software synchronization capability
which is simpler than the background-tasking technique. Data were col
lected at a 10-Hz rate for 6 seconds.

Basically this program just monitored ID, by measuring the output
of the current-to-voltage converter stage, while VG and VD were varied

stepwise. Ali tests were performed with the chip immersed in a 0.1 M
KCl (reagent grade) stirred solution. Ali FETs were tested t'y hooking

up the appropriate source lead wire to the front panel connector SOS,
and the drain lead wire to DRO. The REFO output was connected to the

reference electrode for ISFETs, or to the gate lead wire for IGFETs.
The program was started by executing the word TEST.FET (File:

Words6, !ine # 80). The program had a triple-nested loop structure as
seen in Figure 4-4. The data were plotted on-screen as it was acquired

and the values of VG and VD :'eing tested were displayed. The data and
experimental pararneters were permanently stored by the word

SAVE.TEST.DATA (File: Words7, !ine # 82). A table of ID values for
each combination of VG and VD was printed out by the word

PRINT.TEST.RESULTS (!ine # 148).

4.4.2 Data Analysis

The main purpose of the test FET analysis program was to

construct the characteristic ID versus VD curves at different VG's. Test
FET data were retrieved using the word RETRIEVE.TEST.DATA
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SETUP:

CONTftOu.ER

GRAPHl'C'S

DATA STRUCTURES

A/D HARDWARE

ACQUlRE

AND Pl.OT

MW DATA

DO
/ 1 Ta VC:,

Figure 4-4. Loop structure of test FET acquisition program.

(File: Words7, !ine # 96). The word GO (File Words10, !ine # 17)
printed out the file comments, the mean data values for each V0-VG

combination, and the characteristic plot on the system printer. This
printout indicated whether the FET was functiona!. A sample of the
test FET analysis output is given in Figure 4-5.

4.5 Discussion

The FET Controller instrument has been fully described by the
combination of this chapter, Chapter 3, and Appendix A. It should be
noted that the software discussed in this chapter was presented in its
final incarnation. These programs were in a constant state of flux. A

menu system could be easily set up to control and execute the FET
Controller programs; this would be expected in a commercial instru
ment. For our research, however, interactive programming provided a
higher degree of adaptability and convenience.

Initially, the FET Controller was used as originally expected (see
Section 3.2), that is to simultaneously test a series of ion-selective
PVC-ionophore membranes on ISFETs in arder to evaluate and
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(a)
Enter filename for retrieval: ch38-s2.tst

Comments from C:\JEFF\DATA\CH3B-S2.TST

BARE GATE
Sl AU ITHIOL GATE

06/25/90 22:47:38.08
FIRST TEST (IN KCL)
BOOK VI PAGE 75 CHIP 38 SENSOR 2
LOOKS OK, CURRENTS COMPATIBLE WITH

1 )
2 )
3 )
4 )
5 )
6 )
Retrieving data trom C:\JEFF\DATA\CH38-S2.TST
Data retrieval finished.

(b) VG VD VOLTAGES
VOLTAGES .00 .52 .99 2.01 3.00 3.98 5.01

-2.99 -.006 -.006 -.009 -.006 -.009 -.006 -.006
-2.00 -.006 -.009 -.006 -.009 -.006 -.006 -.006
-.99 -.009 -.006 -.006 -.006 -.006 -.006 -.006

.00 -.013 -.004 -.004 -.004 -.004 -.001 -.004
1. 01 -.021 .060 .077 .084 .084 .087 .087
2.01 -.016 .226 .346 .404 .409 .416 .421
3.01 -.011 .382 .651 .932 .978 .995 1.005

02/27/91 16:30:33.50
FET ID: chip 38, sensor 2 - bare gate pH sensor

(c)..,. .... ',' ........ 'f

...... J..e8 ......... 1"" ...~..........:'

1.48 .~ ..... ....:., ,.: .

~.88

.688

......... !' ..... ..... ..:..

.1 :

...: .

.. .. .. ... ~ ...

·········~·········1··········~• 288

1. 8 2. 8 3. Il 4. Il

"~':;
;i~'

Figure 4-5. Output from test FET analysis program.
(a) dala file commenls prinled ouI by RETRIEVE.TEST.OATA
(b) mean 10 currenls (in mA) for eacb Vo-VGcombinalion
(c) cbaraclerislic plols al conslant VG's (from top: VG=3, VG=2, VG=1V)

Y axis: 10 (/mA)
X axis: Vo (/V)
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improve the response. These experiments were useful in terms of the
expertise gaLned in the handling and operation of ISFETs, and also

served to estab!ish tha: the FET Controller performed as expected.
This !ine of research was not carried through to fruition, however,

because the direction of research was changed to incorporate a new
inlerest, namely the field of telemetry.

The balance of this thesis is concerned with the coupling of the
ISFET and telemetry research areas. The FET Controller was used for

work presented in Chapter 7. The software programs were used

unchanged, while the hardware had to be slightly modified. This, in

itself, indicates that the FET Controller did meet one of its primary
requirements • adaptability.
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TELEMETRY

5.1 Iptroduction

In the broadest sense, telemetry can be defined as a process for
measurement al a distance. In its earliest incarnation in the

mid-1800's telemetry was achieved by using wires to hook up a sensing
device with an instrument. In today's vernacular this wouId be just a

case of remote sensing. With the advent of telecommunications around
the turn of the century new methods of transmitting the information

from the sensor to the recording instrument were introduced, including
the telephone, telegraph and radio. While the telegraph has fallen out

of use, the telephone is still used for telemetry in specific cases. Radio,
however, has become the dominant mode of transmission in modern

telemetry. Other methods currently used include ultrasonic trans
mission for aqueous environments, and storage telemetry where the

device is recovered and the data are then read.
The development of solid-state electronics was the next catalyst in

the evolution of telemetry. In the 1950's the field of biotelemetry, also
known as biomedicaI telemetry, was firmly established. (There were

sorne scattered experiments in the first half of this century, but the
crude electronics severely curtailed success [1].) Biotelemetry entails

the sensing of physiological information and ils transmission from the
subject to a remote location. The sensor-transmitter can be used in

vivo or attached externally to the subject. Usually the procedure is
performed under clinical conditions which only require short range
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transmiSSIOn. Long range transmission from remote emergency stations

or free-ranging animaIs is also possibie but more extensive equipment

is needed.

There are several advantages of using biotelemetry compared to a

conventional system where the sensor and instrumentation are physi

cally linked. The subject can enjoy greater comfort and amhulatory

freedom, especial!y for in vivo sensing. The safety of the patient is

increased due to the total electrical isolation and lower risk of

infection. From the analys!'s point of view, a possible benefit is an

increase in the accuracy of the determination. With conventional

systems the instrumental link, which may be an indwelling catheter or

gastric tube, may perturb the system under study thereby altering the

parameter being measured. For an in vivo test this can arise from a

stress response or a reaction to the physical aggravation. The nature of

a telemetry system, requiring no physical connection. may reduce this

effect [2].

The main disadvantage of biotelemetry is the complexity of the

equipment. While very simple, yet elegant, systems do exist, a large

share of the research effort is devoted to advances in electronics. The

receiver-recorder instrumentation is fairly straightforward. The proh

lem lies in that for every new parameter to be monitored, a new sensor

transmitter must be developed.

There are three excellent sources of information concerning al!

aspects of biotelemetry. The pioneering work from the fifties and

sixties by Mackay and coworkers, and other groups, is covered in his

book [3]. The review by Topich in 1978 [4] focuses on the design and

application of biotelemetry techniques. Design considerations were

reviewed by Jeutter in 1982 [5], with 175 references given.

In this chapter, we will next look at the different transmission

modes possible in telemetry. ln Section 5.3 various biotelemetry

applications are briefly discussed. A more detailed look at gastric pH
determination is included. Finally, a review of the different types of

sensors used in telemetry is given and the use of the ISFET is

introduced.
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The distinguishing characteristic of biotelemetry is the trans
mission of the desired information by radio signais. This section

examines how the signal is transmitted.

5.2.1 Long Range Versus Short Range

Radio telemetry has been used to transmit information over
distances ranging from centimeters to thousands of kilometers. There
is no set distance which differentiates between short and long range

telemetry. In his review [6], Fryer considers transmission over a
distance greater than 50 feet as long range telemetry. He points out
that in the long range, the system operates within the radiofrequency
(RF) region controlled by government agencies. Short range transmis

sion usually falls outside of such regulations due to the low power and
limited range. For this thesis the goal is operation in a clinical

laboratory, therefore short range telemetry is employed.
Telemetry devices can also be classified according to what type of

field is detected by the receiver [7]. Radio waves are a combination of a
magnetic field and an alternating electric field (RF radiation). The
decrease in magne tic field strength is proportional to the cube of the
distance between transmitter and receiver. This is called the "near
field" due to its high power at very short distances which decreases
rapidly. The RF radiation, or "far field", strength falloff is proportional

to the first power of the distance. The near and far field strengths are
equal at a distance of approximately one-sixth of a wavelength. Short

range telemetry involves detection of the magnetic field. Long range
telemetry uses only RF radiation.

Using the magnetic field in short range telemetry simplifies the
requirements for propagation and detection of the radio signal. In long

range telemetry an antenna is required for both the transmission and
detection of the RF radiation. By using only the magnetic field in short

range telemetry, the antenna is not needed. Transmission is achieved
by inductive coupling between coils in the transmitter and receiver.
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These coils are much smaller than any antenna and can be incorporated
directly into the transmitter circuitry.

5.2.2 Frequency

The frequencies used for telemetry have ranged from a hundred
kHz to several hundred MHz. There is no optimum frequency. Higher

frequencies provide benefits which include smaller antennas, smaller
components, stronger far field strength and more sensitive detection. A

low frequency is attenuated less when passing through body tissue. For
biotelemetry based on inductive coupling, only the near field is used

and no antenna is needed 50 the lowerfrequencies are a better choice.

The other considerations in choosing a frequency are legal factors

and equipment. The legal factor is skirted by using a short range,
inductively coupled transmitter at low power. Otherwise the device

must conform to the restrictions concerning allocated frequencies and

bandwidths for the particular country.

The main consideration as to equipment is the choice of receiver.
The transmitter is always custom designed, however the receiver may

be obtained commercially and modified if necessary. While it is

convenient to operate in the regular AM or FM band, the existence of

commercial broadcast stations is a problem. Operating in the short
wave bands (2-20 MHz) reduces this problem and still allows use of

commercial receivers.

5.2.3 Modulation

The transmitter sends the transducer response to the receiver by

modulating the radio signal. Quite a wide range of modulation

techniques are possible. The simplest is amplitude modulation (AM),

however this is not often used in telemetry because the observed signal

varies with the signal strength which can change according to the

position and orientation of both the transmitter and receiver.

Frequency modulation (FM) is preferred because it is insensitive to
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signal strength variations. Direct FM can be used. In this case the
frequency of the signal changes according to the sensor response. (Note

the distinction between the commercial bands, AM and FM,
designating wavelength regions, and the modulation techniques, also

known as AM and FM. To wit: FM techniques cao be used in the AM
band.)

Blocking oscillators combine AM and FM advantages. In a
blocking oscillator the AM signal is turned on and off at a rate

proportional to the sensor response. This allows the use of simple
circuitry. The desired information is encoded in the frequency of the

pulsing, and variations in magnitude are not important. This technique
will be discussed further in Chapter 6.

True FM requires more complex circuits in the transmitter.
Usually a customized integrated or hybrid circuit must be designed and

manufactured. Besides the decreased noise sensitivity, FM allows for
the transmission of more information. This is necessary for multisensor

systems.

5.2.4 Multiplexing

In this thesis only single sensor telemetry devices are studied, and

simple modulation techniques are used. For a multisensor system the
sensor signais must be multiplexed to be transmitted. This can utilize

either time or frequency division formatted FM. Formatting rnethods

that have been used include pulse width modulation, pulse frequency

modulation and pulse amplitude modulation. References 4 and 5
examine this topic in greater detaiI.

5.3

5.3.1

Applications of Bjotelemetry

Physical

Biotelemetry techniques have been used in the last forly years to
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monitor a variety of physical and chemical parameters. Among the first
applications was the transmission of information concerning bioelec

tric potentials, including electrocardiograph and electroencephalo

graph signaIs. Telemetry is still used for this purpose, ~specially for
c1inical studies involving animaIs or exercise.

Other physical parameters of interest include temperature and

pressure. Mackay and Jacobson [8] reported a device in 1957 for use in
the gastrointestinal (GI) tract which measured pressure and

temperature simultaneously. This device was in the shape of a small
capsule which could be ingested. They called the device an

endoradiosonde, however this term has since been displaced by a
simpler term, radio pill, to describe any ingestible radio telemetric

device. A radio pill is indigestible and can be recovered after passing
through the entire GI tract. Generally the device is approximately the

size and shape of a large gelatin capsule. Research has extended the
use of in vivo biotelemetry based on physical parameters to more

complex applications mch as the cardiovascular system and
intracranial measurements. These applications require smaller devices

which are usually surgically implanteà.
The last physical parameter that we will consider is position. On a

large scale this includes animal tracking by long range telemetry, which
is quite a large field of study in itself. For short range telemetry

utilizing the near field, two distinct methods exist. In Section 5.2.3 we

noted that amplitude modulation is not used due to its susceptibility to

movement and orientation. This can be exploited. By using AM, the

movement of the capsule can be detected. This has been used to

monitor stomach motility as weil as the activity of laboratory animaIs

(i. e. sleep patterns). In the second method, the telemetry device

transmits a signal when it identifies certain conditions, and then the

location of the transmitter is determined. Hassan et al. [9] described a

radio pill which used a radioactivity detector that could determine the

site of bleeding in the GI tract. A radioisotope tracer would be injected

into the bloodstream. The radio pill would then send a signal when

blood was detected and the exact position of the pill could be found by

taking an X-ray of the patient. This combines detection of both physical

and chemical parameters.

94



5.3.2 Chemical

CHAPTER 5

(

("

There are a limited number of biotelemetry applications that
de te ct purely chemical parameters. The majority of devices employing

chemical sensing focus on the determination of pH in the GI tract. This
is discussed separately in the next section. The pH of dental plaque has

also been determined by telemetry [10,11]. The only other ion that has
been monitored successfully by telemetry is F- in oral fluids [11,12].

Telemetry devices using amperometric sensing have been used to
analyze blood for dissolved gases. A transcutaneous 02 sensor

transmitter was described by Hartley et al. [13]. This concept was
extended by Sansen and Lambrechts [14] who used glucose oxidase and

a Clark electrode to monitor glucose.

5.3.2.1 Gastric pH

The GI tract provides the means for ingestion, digestion and

absorption of food and the elimination of wastes. Il is comprised of the

mouth, esophagus, stomach, and the small and large intestines. The pH

in the tract ranges from 1 in the stomach to around 8 in the intestines.

The sensing of pH throughout the GI tract has benefitted from the

introduction of telemetry.

Oral pH studies fall into the realm of dental research. Usually the

pH device is fixed onto the teeth and retrieved from the mouth. To

monitor the pH of the esophagus the sensor device must be tethered

(usually to a tooth) and may be removed through the mouth or allowed

to pass through the GI tract. Several different methods have been used

to determine gastric pH. Before the development of the pH radio pill,

gastric pH was measured either by sampling through a gastric tube or by

use of a flexible pH probe. Both of these methods can be expected to

alter the functioning of the GI system due to physical and emotional

distress. The intestines were basically inaccessible, short of surgery,
previous to the radio pill [15].

In ail cases the use of telemetry increases the cornfort and safety of
the subject. By using telemetry the GI tract is perturbed to a lesser

extent compared to other methods involving tubes. Therefore the pH in
the GI tract is doser to the pH that exists when the system is
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undisturbed. The challenge. in designing a telemetry device is to ensure

that the observed pH value is an acc"rate representation of the pH
being measured.

The pH radio pill can provide other information about the GI
tract. Stomach motility can be determined by observing the variation in

signal strength as mentioned above. Another parameter that can be

measured is gastric residence time. A sharp increase in pH indicates
that the pill has moved from the stomach into the small intestine.

The determination of GI pH was the first application of telemetry

based on chemical sensing. Several commercial devices were developed

which encouraged the use of teleTiletry in clinical laboratories. The first
successful device was based on the work of Noller [16]. This device,

known as the Heidelberg capsule, is still available in a modified form
[17] (Heidelberg International Inc., Atlanta, Ga.). The other

commercial device of note was developed by Colson et al.[lS] and is

distributed by Rigel Research (Sulton, Surrey). The pH sensors used in

these devices are discussed the following section. Applications have

included the determination of antacid effectiveness [19], evaluation of

drug delivery systems [20] and diagnosis of GI disorders [21].

5.4 ChemicaI Sensors in BioteIemetry

In virtually every successful chemically selective telemetry device

the chemical recognition eIement has been a miniaturized version of a

conventional sensor. The first pH radio pill reported by Jacobson and

Mackay [22] did use a nonconventional sensor, however the results
were disappointing. They used a copolymer which exhibited pH

dependant reversible mechanical expansion with a pressure sensor that

gave slow response and poor selectivity.

The Heidelberg capsule is based on classical electrochemistry. Il
uses an antimony electrode exposed to the test solution combined with

an Ag 1AgCll saturated KCl electrode which is separated from the test

solution by a membrane. This forms a galvanic cell with an output

voltage that is pH dependant. This baltery drives an oscillator which

has an oscillating frequency proportional to the pH dependant voltage.
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This type of cell is not highly selective and long term stability can be a
problem, especially in complex matrices. The manufacturer guarantees

the accuracy to be ±0.5 pH units over 6 to S hours in the pH range l-S. A
recent independent test [23] indicated that the capsule just barely met

these standards in simple aqueous buffers.
The problems with the Heidelberg capsule led to the development

of the pH radio piIl of Coison et al.[lS], which uses an even more
conventional sensor. Their device uses miniaturized pH glass and

Agi AgCII saturated KCI electrodes at opposite ends of a radio pill.
They report an accuracy of ±0.2 pH units, a range from 1-10, response

time of 1 second (to 95% of final reading) and an in vitro Iifetime of

4-5 weeks.

The F- telemetry device for oral fluids [11,12] also uses conven

tional type sensors. In this case an LaF3 ISE (with an internai

reference) and externlll reference were used.
The problem with these potentiometric sensors for H+ and F

arises from the presence of the internai solutions necessary for both the
indicator and reference electrodes. The small volume of the solution

restricts the Iifetime of the device. Further miniaturizadon, which
would be necessary for an implantable device, is not possible due to this

same problem.

The amperometric gas sensors rely on the membrane!enzyme

combination for selectivity. This type of device has not found common
use as a chemically selective in vivo sensor, but does show promise.

The only amperometric telemetry devices that are currently in use are

the simple transcutaneous blood gas probes.

Ali of the chemically selective telemetry devices considered here
and reported in the Iiterature use conventional sensor technology. In
part, this is due to the fact that the origin and development of

biotelemetry predates the growth of sensor research in the last few

decades. The incorporation of novel sensors into telemetry has been
slowed by the success of devices based on older technologies. Another

obstacle is the difficuIty in combining the different areas of research

including chemical sensors, electronics and clinical chemistry.

The integration of soIid-state sensors, developed over the last

twenty years, and telemetl'Y research is overdue. One device has been
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reported which combines a piezoelectric sensor and a telemetric
integrated circuit for the measurement of intracranial pressure [24].

This thesis is more concerned with chemical sensors rather than
physical. The characteristics of solid-state chemical sensors are highly
compatible with the requirements for a telemetry sensor.

5.4.1 ISFETs as Telemetry Sensors

The combination of ISFETs and telemetry is the focus of this

thesis. No reference could be found in the literature concerning the use
of ISFETs, or any other novel chemical microsensor, in a telemetry

device. In his 1978 review Topich [25] specifically mentions the future
possibility of the use of ISFETs in telemetry. A recent paper reports the
use of a pH-ISFET in a catheter to study esophageal function [26]. Il is
not known if this work is being extended to include telemetry. Finally, a
variety of workers at Case Western Reserve have published research on
either ISFETs or telemetry, but no indication can be found of any work

combining the two fields.
The use of ISFETs in a telemetry device has certain advantages

aside from the novelty of using a new type of sensor. The low power
consumption and essentially zero leakage currents should extend the

battery life, and therefore the device lifetime. The smaller size of the
ISFET compared to a miniaturized ISE would reduce the size of the
sensor-transmitter, thereby making implantation more feasible.
Because the solid-state construction allows multiple ISFETs on a single

chip it should be possible to design a multisensor telemetry device
without a great increase in the overall size.

The final advantage to using the ISFET in a telemetry device is
that the range of possible biotelemetry applications is greatly

expanded. The variety of FET-based sensors reviewed in Chapter 2
could ail be used in future telemetry devices, with little modification in

the sensor-transmitter circuitry needed.
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CHAPTER 6

A TELEMETRY DEYICE INCORPORATING A

pH ISFET CHEMICAL TRAN.SDUCE.R

6.1 Introduction

This chapter details the initial efforts to incorporate a pH ISFET
into a simple telemetric device. While the ultimate goal is to use such a
device to monitor the pH in the GI tract, the initial work was limited to
in vitro studies. This work also served as an introduction to the labora

tory techniques and instrumentation associated with telemetry.

6.2 Design Considerations

The immediate concern was to design and produce a device in pro

totype form that could be tested during operation in vitro. This
implied that the device should be totally self-contained and powered by
its own battery. Secondly, the available resources and equipment had to
be considered. The prototype had to be made by hand using discrete

components.
Even though the prototype was only to be used in vitro, we

decided to try to keep the overall size and dimensions similar to what
would be required for an ingestible radio pill. This meant that the

circuitry had to be kept simple and use as few components as possible.
To comply with these requirements we decided that the telemetry

system should use inductive coupling for transmission. It was shown in
Section 5.2.1 how this eliminates the need for an antenna. This
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simplifies the circuit considerably.

A reference electrode had to be included in the circuit to properly

bias the ISFET gate potential. This was, and still is, a problem. To facil
itate the work presented here, we decided to use a conventional refer

ence electrode hardwired to the telemetry circuit. This could eventually
be incorporated, in a miniaturized form, into a radio pill. While this

option is viable, it still presents the same problems related to the
internaI solution as was discussed in Section 5.4.

6.3 Selection of Circuit

There are two possible ways of using an ISFET in a telemetric
device. The first follows the divide and conquer strategy. The ISFET

has its own control circuitry that produces an output which modulates a
separate oscillator circuit. This is the method of choice for a multisen

sor system, but for a single sensor device the circuitry is more compli
cated than necessary. The other alternative is to integrate the ISFET

directly into an oscillator circuit. This reduces the complexity of the
circuit and minimizes the number of components needed. The second

method was chosen for this work.
Several different circuits and modulation techniques were

evaluated and tested on a breadboard. The investigation focussed on

amplitude modulation and blocking oscillators with broadcast frequen

cies in the AM and short wave bands (0.5-18.0 MHz). FM techniques

were considered but were found to be unnecessarily complex. Pure AM

techniques were rejected because of the problems outlined in Section

5.2.3. The blocking oscillator, also known as the squegging oscillator,

was chosen due to its simplicity and stable signal.
The ISFET was tested in two modes of operation. Initially the

ISFET was used as an active transistor to drive the oscillator circuit.

These efforts were not successful. The second configuration used a

standard bipolar transistor to drive the oscillation while the ISFET was
used as a variable resistor. The oscillator output was modulated by the

pH dependant variable resistance of the ISFET.
The configuration of the final circuit was therefore a blocking
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oscillator incorporating an ISFET as a variable resistor. The next

section details how a FET can be used as a variable resistor. This is
followed by description of how a blocking oscillator actually works. In
Section 6.4 the final circuit design and construction is detailed.

6.3.1 The FET as a Variable Resistor

A theoretical set of characteristic response curves for a FET are
shown in Figure 6- I. The expanded view of the intersection of the axes

illustrates how a FET can act as a variable resistor. In the unsaturated
region, the FET responds linearly to changes in Vo as the drain voltage

approaches zero. The slopes of these curves at Vo =0 are equal to the
inverse of the channel resistance between the source and drain (Ros).

The relationship of Ros to Va can be derived from the equation for the
current response in the unsaturated region (Equation 2.2). When Vo is

2
v - a

3

2

1

Figure 6-1. Theoretical response curves for a FET
Voltages relative 10 VB. (VB = Vs = aV)
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zero this gives:

L
(6.1 )

where ail conditions and variables are as defined in Section 2.4.1.2. The

only experimental variable in this equation is YG.

While this equation is valid at Yo =0, there must be a finite

voltage applied (Yo >0) during normal operation. As Yo increases the
degree of nonlinearity also increases. Typical values are 2% deviation

for Yo < O.I(YG - YT), and 10% when Yo approaches 0.25(YG - YT).
This effect is minimized by either reducing Yo or increasing YG.

Under these conditions a FET, or ISFET, can act as a variable
resistor. The resistance of the channel is inversely proportional to the

gate voltage. In this configuration a FET can be incorporated into a
circuit in place of a resistor.

6.3.2 Blocking Oscillators

Much of the early work in telemetry used a blocking oscillator as
the transmitter. The theory and practical use of this type of circuit was

covered by Mackay [1]. Ali blocking oscillators have several common
characteristics, however the actual circuits may differ. They are distin

guished by their unique output waveform. A typical waveform is shown
in Figure 6-2 in three different time scales. Figure 6-2(a) was acquired

at the slowest sweep rate; (b) and (c) show an expanded single pulse at

faster sweep rates. (The acquisition of these oscilloscope images is des

cribed in Section 6.4.3.)
Analysis of the waveform in Figure 6-2 provides three pieces of

information. The pulse frequency (PF) can be measured from (a), the
pulse length (PL) from (b) and the broadcast frequency (BF) from (c).

The BF varies during the pulse so this is not useful in terms of transmit

ting information. Because the BF changes, this type of transmitte.r

broadcasts over a wide frequency band. Information is usually encoded

in either the length or frequency of the pulses.
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Figure 6-2. Sample output of a blocking (squegging) oscillator.
Oscillation across collecter and emitter of transistor. Images plotted from
oscillscope (ground to emitter). Circuit is described in Section 6.4.
(a) series of pulses (pulse frequency = 34.24 Hz)
(b) expanded view of single pulse (pulse length = 0.422 ms)
(c) further expansion of single pulse (broadcast frequency = 4.366 MHz)
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Figure 6-3. Basic circuit of a blocking oscillator.
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(Xc: reaelanee uf CI)

The blocking oscillator is based on the Hartley oscillator, which is

dislinguished by the presence of a tapped coil in parallel with a
capacitor. Figure 6-3 shows a basic blocking oscillator circuit which was

analyzed in detail by Lin and Ko [2]. The BF is determined by the com

ponent values of the capacitor Ct and the inductors LI and L2. The

other two parameters, PL and PF, are dependant on the transistor T,

battery voltage E and the RC circuit consisting of CI and Rs. Oscil

lation starts when the charge at the base of the transistor is sufficiently

large enough to turn on the transistor. During oscillation this charge is

dissipated and the transistor is eventually turned off. The base charge is
then replenished at a rate determined by the time constant of the RC

circuit until the cycle begins again.
The blockil'~ oscillator can exist in three states. The quiescent

state, where nu oscillation occurs, and the sustained oscillation state

are of no practical use. The components must be chosen to allow opera

tion in the squegging, or pulsating, oscillation state.
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Figure 6-4. Final pH ISFET telemetry circuit.
Ref: Ag/AgCI reference, T: 2N3904(NPN), Ll,L2: 47~H, Ct: 330 pF,
CI: 100 nF, Rs: 249 kn, Rb: 249 kn, E = 1.60 V.

6.4 Telemetrie Circuit Design and Manufacture

The telemetric device described in this chapter was based on the

circuit in Figure 6-3 with a pH ISFET incorporated as a variable resis
tor in series with Rs. The final circuit is shown in Figure 6-4. The gate

of the ISFET is biased by the reference electrode. The ISFET channel
resistance varies in accordance with the pH dependant surface poten

tial at the insulator 1solution interface of the gate area. Changes in the
combined resistance of Rs and the ISFET affect the pulsing rate of the

device. Therefore the observed PF is directly related to the solution
pH. The BF and PL are unaffected by any change in resistance.

This device was developed in three stages. First the circuit was
tested on a regular breadboard and was powered by a Micronta variable

DC power supply (model 22-8230, Radio Shack). In the next step the
power supply was replaced with a battery and a miniature breadboard
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was used. The final prototype device used a printed circuit board
powered by a battery. With each decrease in size, the performance and

stability of the device was seen to improve. This can be attributed to the
decrease of stray capacitances and inductances created by the long
leads and breadboard connectors.

The balance of this section details the development of the proto

type. The choice of the individual components is covered first, followed
by the physical construction of the device. The last part of this section

describes how the radio signal was received.

6.4.1 Choice of Components

The component values shown ID Figure 6-4 were chosen after

examining the role and effect of each component. These tests are
summarized in the following sections.

6.4.1.1 Battery

The choice of battery was limited by what was commercially
available. The battery had to be as small as possible and exhibit a fiat

discharge curve (i.e. constant voltage). Fortunately there are a number
of batteries produced for watches, hearing aids, etc., that meet these

requirements.

A D379B silver oxide button-cell battery (Duracell, Mississauga,

Ont.) was used in the prototype. This battery has a Zn anode and an
AgO cathode. The initial voltage was measured as 1.61 V which

dropped within a few minutes to a constant voltage of 1.58 V. The
lifetime of the battery was listed as Il mAh, and in the prototype the

lifetime was 4-6 days. The dimensions were 5.8 mm in diameter and 2.2
mm thick. This is about the maximum size that could be used in an

ingestible device. The connection to the circuit was made by using
silver epoxy (Epo-Tek H21D, Epoxy Technology Inc., Billerica, MA) to

glue on the lead wires. The epoxy was cured at 80 oC for 90 minutes or

50 oC for 12 hours. (At higher temperatures the battery may explode.)

There is a variety of other methods that can be used to power a

biotelemetry device [3]. Other conventional batteries, such as lithium
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cells, are often used. Thin film batteries, using conducting polymers,
which are presently in development will be very useful. Nuclear

batteries have been mainly used in pacemakers where their long life
times offset the increase in cost. It is also possible to have a sensor

transmitter without a battery. In this case the device receives power
from an external source by inductive coupling. After turning on, the

device transmits the sensor information by inductive coupling on a

different frequency.

6.4.1.2 Transistor

Perhaps surprisingly, the choice of the transistor was not critical.
A low cost general purpose NPN switching transistor (2N3904, generic)

was used initially. Later tests using higher priced audio and high

frequency transistors showed no discernable improvement. The trans

istor does influence PL and PF, however it was easier to control these

parameters by varying the other components. A generic 2N3904 was

used in the prototype.

6.4.1.3 Inductors
The combinatiolJ of LI, L2 and Ct determine the BF of the circuit

according to Equation 6.2:

1
BF =

where LT is the total inductance given by:

(6.2)

(6.3)

The mutuaI iùductance, M, between LI and L2 is dependant on the type

and relative position of the inductors. By measuring LT when LLl and

Lu are known, Mean be calculated.

The BF increases during each pulse. In order to obtain consistent

measurements, the BF was always measured at 1/10 PL. This gave the
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experimental relationship:

BF ~
0.8

(6.4 )

which was determined from the data in Tables 6.1 and 6.2, in lieu of

Equation 6.2.
Table 6.1 also shows that both PL and PF are controlled by LI and

L2. This occurs because when the inductance changes, the shift in BF

results in a change in the impedance of Cl. This mainly affects PL, but

a slight change in PF is also seen. To keep things simple, LI, L2 and Ct
were used to control BF whi!e PF and PL were controlled by Rs and Cl.

In the first test circuits, homemade inductors were used. Copper

wire (28 or 40 gauge) was wrapped around either glass or plastic cores,

both of which act as "air" cores. The geometry of a homemade coi! could
be easily customized to fit into an ingestible radio pill, however the

difficulty in reproducing these coils defeated this advantage. Commer
cial inductors were found to be more convenient. Dale molded

Table 6.1
Effect of L1 and L2 on Signal

(L1 = L2)

L1/L2 PF BF PL
(~H) (Hz) (MHz) (~S)

1 could not 6.66 97

10 detect signal 2.15 157

22 14.28 1040 236

47 14.38 1.01 343

68 14.51 0.85 374

100 14.73 0.69 430

FET: CHI6-S2, pH: 2, Ref: Ag/AgCI, T: 2N3904, Ct: 120 pF,
CI: 100 nF, Rs: 1 MO, Rb: 1 MO, E: 1.58 V.
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\ Table 6.2,
Effect of Ct on Signal

Cl PF BF PL PL (in air)

(pF) (Hz) (MHz) (\lS) (\ls)

10 14.36 1.05 62 3625

22 14.17 1.01 81 732

33 13.07 1.66 426 344

68 13.24 1.05 200 826

120 12.94 1.00 331 221

220 12.87 0.83 310 279

330 12.78 0.71 299 296

470 12.74 0.62 296 308

1000 13.66 0.41 165 171

FET: CHIl-SI, pH: 6, Ref: Ag/AgCl, T: 2N3904, L1,L2: 47 "H,
CI: 100 nF, Rs: 1 Mn, Rb: 1 Mn, E: 1.58 V.

(~,~ ,
o.

inductors (Active Electronics, Montreal, Que.) from 0.1 IJ,H to 100 IJ,H

(10% tolerance) were tested. These coils have a magnetic core of iron
or ferrite and are produced in a tubular package (6.5 mm long, 2.5 mm

diameter) similar to resistors. An added benefit of the molded coils was
that the mutual inductance was insignificant in any configuration. This

simplified the BF calculations. In the prototype, LI and L2 were both
471J,H ferrite core inductors.

6.4.1.4 Cl
The relationship of Ct to BF is given above (Equations 6.2 and

6.4), and Ct has the same indirect effect on PF.and PL as was noted for

the inductors. An additional observation was that when Ct was less than
100 pF the stability of the circuit suffered. In particular, the PL in the

air differed from the PL in solution (Table 6.2). This was attributed to
the increased effect of t\Je ISFET gate capacitance, and other stray

capacitances, as Ct is lowered. By keeping Ct> 100 pF this effect is
eliminated.
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Monolithic ceramic radial capacitors made by AVX Corporation
(Active EI~ctronics, Montreal, Que.) were used. These come in a small

package (3.4x2.9x1.7 mm) and are rated as 5% tolerance up to 100 V.
The Ct values tested ranged from 10 to 1000 pF. The value chosen for

the prototype was 330 pF. Combined with the chosen inductors this
gives a theoretical BF of 0.90 MHz according to Equation 6.2, and an

experimental BF of 0.72 MHz according to Equation 6.4. This is located

in the bottom half of the AM band.

6.4.1.5 Q

The timing capacitor Cl in the RC circuit was used to control PL

and, in conjunction with Rs, was also used to control PF. The PL ranged

from 23 ~s for C1=0.47 nF to 307 ~s for Cl=100 nF (Table 6.3). Erratic
behaviour was seen when Cl was less than 10 nF. While the shorter PL

might seem advantageous in terms of prolonging the device lifetime,
the PF increases at a faster rate; therefore the device is actually in

oscillation a greater percentage of the time (i. e. higher duty cycle).

These two factors suggest that a large capacitance be used. A value of

100 nF was chosen because larger value capacitors were also physically

Table 6.3
Effect of C1 on Signal

Cl PF BF PL Duty cycle

(nF) (Hz) (MHz) (l'S) (PFxPL)

0.47 1937 0.88 23 0.0474

1.0 1105 0.88 26 0.0285

4.7 271.1 0.77 40 0.0101

10 140.7 0.74 50 0.0073

33 41.60 0.75 115 0.0049

100 12.86 0.71 307 0.0039

FET: CHII-Sl, pH: 6, Ref: Ag/AgCl, T: 2N3904, L1,L2: 47 l'H,
Cl: 330 pF, Rs: 1 MO, Rb: 1 MO, E: 1.58 V.
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larger. The Cl capacitor was the same type as the Ct capacitor

described above.

The relationship of Cl to PF is covered in the next section.

6.4.1.6 .Rs.
The resistor, Rs, connected to the I5FET source terminal is

necessary because the resistance of the I5FET by itself is not sufficient.

When the total resistance of Rs and the I5FET was below 100 ka, the

circuit went into permanent oscillation (Table 6.4). As the I5FET

resistance was only 1-10 ka, an Rs value greater than 100 ka was needed

to ensure reliable operation.

Philips metal film resistors (Electrosonic, Mississauga, Ont.) rated

as 1% tolerance, \ W, were used. The prototype device used a Rs of 249

ka. These resistors are 2.3 mm in diameter and 7.0 mm long.

Table 6.4 indicates that the value of Rs has no bearing on either

(~ Table 6.4
Effect of Rs on Signal

Rs PF BF PL
(Ka) (Hz) (MHz) (~S)

tO 0.87

50 permanent
0.90

oscillation
87 0.89

100 1346.0 0.81 59

158 866.9 0.77 54

249 584.2 0.75 52

412 364.2 0.76 51

499 301.6 0.78 50

634 241.4 0.75 47

866 178.8 0.74 50

1000 137.8 0.75 50

f FET: CHII-SI, pH: 6, Ref: Ag/AgCI, T: 2N3904, Ct: 330 pF,
CI: 10 nF, Ll,L2: 47 ~H, Rb: 1 MO, E: 1.58 V.
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BF or PL. Both Rs and Cl determine the PF according to Equation 6.5:

1
pp ~ (6.5 )

which was derived experimentally. In the prototype the PF was

approximately 57 Hz which corresponds to a pulse period of 17.5 ms.

6.4.1.7 Rb.
Initially the ISFET base resistor, Rb, was omitted and the base was

connected directly to the negative battery terminal. In this configur
ation the ISFET acts as a capacitor across the transistor's base and

emitter terminaIs and this caused the device to go into permanent oscil
lation. By inserting Rb, the ISFET base was held at 0 V (relative to the

negative battery terminal) while the AC current was decreased enough
to prevent permanent oscillation.

It was observed that during the actual oscillation pulse, the voltage

at the ISFET base was also seen to oscillate. This is due to capacitive

coupling of the base with the source-drain channel. The ISFET base
voltage returned to 0 V within 0.05 ms after termination of the pulse.

With a pulse period of 17 ms this temporary deviation of base voltage is
insignificant.

As expected, Rb had no effect on BF, PF or PL. The same type of

resistor was used for Rb as for Rs. A value of 249 kn was used, as much

for symmetry as any other factor.

6.4.2 Prototype Construction

The prototype device was designed and built in two parts (Figure

6-5). The telemetry circuit was fashioned on a custom-built printed

circuit (PC) while the actual ISFET chip was mounted on a separate

ceramic die. The halves were electrically connected by edge connectors

on both the die and Pc. The halves were held together physically by

pincers for temporary use, or solder and epoxy for a permanent con

nection.
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Figure 6-5. Prototype telemetry device.
Aclual size except for reference eleclrode. The encapsulalion forms
a window on lhe ISFET 10 expose pH gale (nol shown).

To use the prototype device in solution, the device was clamped

vertically above the solution with just the encapsulated area of the die
actually immersed in the test solution. In this manner the unencap

sulated PC board was kept dry and accessible for circuit tests.
The reference electrode was an Ag/AgCl (3 M NaCl) Model RE-l

electrode (Bioanalytical Systems, West Lafayette, IN). The power to
the circuit could be cut off by disconnecting the reference from the lead
wires. This enabled each PC to be used over a much longer time (more
than 3 months) than would have been possible if the battery was contin
uously discharging.

The ceramic dies and PCs were constructed in the laboratory by

hand. The gold inlay pattern for the die and the copper circuit patterns
for the PC were designed with the use of a computer-aided design
(CAD) program (Autosketch, Autodesk Inc., Sausalito, CA). The dies
were similar to the ISFET die described in Chapter 3, but a different

gold inlay pattern was used. For the prototype device, only one ISFET
was used at a time. The die was designed so that either of the two

ISFETs could be used. This meant that 5 outputs had to be available:
the sources and drains of both ISFETs, and the base. These were ail

lined up at the edge of the Macor die, opposite to the chip. The
schematic of the die is shown in Figure 6-6. The procedure for the

preparation of the die, mounting, and wire-bonding of the ISFET was
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Figure 6-6. Schematic of Macor die used in the telemetry studies.

the same as in Section 3.4, except a new photoresist exposure mask was
made, and there were fewer wire-bond connections to be made. No
external wires had to be soldered to the gold inlay because the die was
designed to be press-fitted or glued to the printed circuit telemetry
device. This meant that the left edge of the die (when orientated as in

Figure 6-6), had to be left free of epoxy encapsulation.
The PC, which controlled the ISFET and emitted the radio signal,

was made from a dual-sided copper circuit board. Figure 6-7 shows the
photoresist masks used to define the copper patterns on the Pc. The
edge connectors on the bottom of the board were used to connect the
PC to the Macor die. Note that the PC has 4 connectors while the die

has 5. In actual use, the die and PC are offset from each other, and only
3 connectors are used. When the base terminal on the die was lined up

with base (1) terminal on the PC, the source and drain of ISFET 1 were
connected to the PC. ISFET 2 was selected by connecting the base

terminal of the die to base (2).
The PC was fabricated using a posItIve photoresist system from

MG Chemicals (Toronto, Ont.). Each PC was eut, in a darkroom, from
a 6x6 inch dual-sided copper circuit board pre-coated with MG#416

resist. The PC dimensions were 28xl0 mm. The PC board was placed
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Figure 6-7. Photoresist masks for the prototype telemetry device.
(magnified, 0.6: 1 scale)

between the 2 masks which were then taped together to maintain

proper alignment. Each side of the PC board was exposed to a 275W
sunlamp at a distance of 23 inches for 13 min. The resist was developed

by swirling the PC for 5 min in a fresh solution of 1 part MG#418
developer and 4 parts warm tap water, then rinsed witl; distilled water.

The copper was etched in a ferric chloride solution (MG#415), room
temperature, for 15-25 minutes. After washing the PC with distilled

water, the remaining resist was removed from the copper circuit by an
acetone rinse.

Holes were then drilled in the PC board (Figure 6-8). The one
large hole was made with a no. 60 bit (1.016 mm diameter). The rest of

the holes were made with a no. 66 bit (0.838 mm diameter.
Ali components, except the battery, were mounted and soldered

onto the PC board as shown in Figure 6-9. The negative terminal of the
battery was glued to the copper circuit with silver epoxy (Epo-Tek

H21-D). This was cured at 80 oC for 30 min. The silver epoxy was also
used to attach a 6 cm lead wire to the positive battery terminal. The
circuit was powered only when the two lead wires were connected at the
reference electrode.
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Top

Bottom

Figure 6-8. Copper printed circuit and holes.
(magnified, 0.6:1 scale)

Top

Bottom

L1 T

~ ... ··..·.;."tt: ~®o, rn"IO'i" or, ~ •
"-05":- - 0-' Cl •

L2 Ct CI

soldered connection
ta bath sides of board

Figure 6-9. Components mounted on prototype telemetry device.
(magnified, 0.6:1 scale)
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The prototype device was a compact sensor-transmitter for in
vitro studies which was could be easily tested during actual operation.
It was too large to be directly used as an encapsulated, ingestible radio
pill, however it was on the proper scale. The necessary size reduction
could be achieved by placing the ISFET on the PC board and the use of
surface mounted resistors and capacitors or a thick film circuit. In this
configuration the reference would have to be miniaturized and incor
porated in the pilI.

6.4.3 Signal Reception

The method of radio reception was kept in mind when the proto
type telemetry device was being designed. Basically, the simpler the
receiver, the better. The wideband, pulsing AM output of the prototype
is one of the simplest radio signaIs to detect. Each pulse produces an
audible buz;~ or "click" from the speaker. If the PF is low enough the
signal can be recorded by listening to the clicking and timing a set
number of pulses. At higher PFs the clicks fuse together to produce an
audible tone with a pitch that varies with PF.

The simple requirements that the receiver had to meet enabled the
use of an old commercial radio. The radio was a Silver Voyager 14
Transistor (model 14SF-38, Shin-Shirasuna Denki Mfg. Co., Nagoya,
Japan). This radio was capable of receiving signaIs in the standard AM
and FM bands as weil as in the short wave region from 1.8 to 18 MHz.
The use of an old radio was convenient because it was simpler to access
the internaI circuitry than a new one. The radio was powered by the
variable DC power supply, set at 6 V, to eliminate the AC power line
noise (mainly 60 Hz). Batteries could also be used for this purpose.

Either one of two instruments was used to measure the PF from
the radio. Both instruments were set up to measure the voltage output
to the speaker. The first instrument used was a Tektronix 100 MHz
model 2230 digital storage oscilloscope (Tektronix, Beaverton, OR).
The PF (or pulse period) could be read off the screen after manually
positioning two cursors in the storage mode. Images could be stored
and output to an Omnigraphic Series 2000 X-Y recorder model
(Houston Instrument, Austin, TX) which was modified to accept the
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oscilloscope output.. Appendix B de scribes the modifications that were

made to the pIotter. The hard copy output from the scope is illustrated

in Figure 6-10. The problem with the oscilloscope was the time needed
to store the image and adjust the cursors to get the PF. This led to the
use of an electronic counter (Dana model 80lOB, Dana Laboratories,
Irvine, CA) which could provide a direct frequency or period readout.

This was set up to trigger on the large, positive spike of the speaker
voltage seen in Figure 6-10. The counter had an 8 digit readout and an

ISO MHz limit.

The oscilloscope and pIotter were also used to monitor the tele

metry circuit directly during initial tests. The images in Figure 6-2 were
obtained in this manner. Hooking up the oscilloscope, or any other

instrument, to the circuit was observed to perturb the circuit slightly.
Therefore, in ail the actual pH tests the prototype was freestanding and

signaIs were measured remotely.

AU2=B.BBU
AT=17.Lfms

SAUE

( >
PEAKDET 1Bms

Tek

Î;
":"";,f Figure 6-10. Pulsing output as seen at radio speaker.
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The prototype was expected ta have a BF of approximately 0.72
MHz. The signal was detected by the radio from the bottom of the AM
band (0.55 MHz) up ta 0.95 MHz. The signal peaked between 0.85 and
0.94 MHz. There was a sharp drop-off at 0.95 MHz. As expected, the
signal strength was dependant on the orientation of the radio with
respect ta the transmitter. This effect can be eliminated by the use of a
more sophisticated antenna and receiver. The signal was easily detect
ed when the distance between the radio and transmitter was less than

25 cm, but was undetect.able at distances greater than 50 cm.

6.5 Testing of the Prototype in Aqueous pH Buffers

6.5.1 Experimental

In these experiments the prototype devices were immersed in a
series of pH buffers prepared in the laboratory according to the proto
col set forth by the National Bureau of Standards (NBS - now known as
the National Institute of Standards and Technology). The prototype
was he Id vertically in a clamp with the encapsulated ISFET at the
bottom. The ISFET was immersed in the test solution by raising the
beaker until the ceramic die was half submerged. The experiments were
performed in subdued lighting to prevent any possible photoelectric

effects at the gate surface. This was achieved by using beakers covered
with electric tape and placing a box over the sensor-transmitter and
beaker during the measurements.

Ali of the prototypes used the UU03 ISFET chip obtained from

Prof. J. Janata [4]. Either of the two ISFETs on the chip could be used
in the prototype. The UU03 chip was described in Section 3.2.1.

Each ISFET was immersed in the tetroxalate buffer for 1 hour
before use. The ISFET and die were washed with distilled water and

patted dry between solutions. Upon immersion in a test solution, the
initial reading and time were recorded, then readings were subse

quently taken every 30 seconds. The length of the runs varied from 5 ta
15 minutes. The chips were stored dry after beingwashed.
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The radio was positioned approximately 10-15 cm from the

prototype device. This gave a strong signal that was easy to trigger on.

For these experiments the pulse period was read off the electronic

counter. This mode was recommended in the counter's manual because

the period measurement is more accurate than the frequency measure

ment at low frequencies. The counter averaged 100 periods for each

reading. Therefore the readout was effectively the average period over

approximately,two seconds.

6.5.1.1 pH Buffers

The NBS procedure for the preparation and handling of standard

aqueous buffers has been described by Bates [5], and further

information can be found in the CRC Handbook [6]. The buffers used

in this study were made following this procedure, but the NBS

standards were replaced with commercial, high purity, reagents. Ali the

buffers were made up at room temperature in distilled, deionized water

and were stored in Nalgene bottles. The pH of each buffer was checked

in the laboratory on a Accumet Model 805MP pH meter (Fisher

Scientific Co., Montreal, Que.) using new pH and saturated calomel

electrodes (models 13-620-256 and 13-639-52, Fisher Scientific Co.).

The meter was calibrated with Fisher buffers B-80 and B-79 (pH of 9.18

and 4.01 respectively). The measured pH's of ail the standard buffers

were within ±0.05 units of the NBS standard buffer values.

The tetroxalate buffer (pH = 1.68) was made by dissolving 12.6134

g of potassium tetraoxalate (> 99.5%, Fluka Chemical Corp., Ronkon

koma, NY) and diluting to 1 liter volumetrically.

The tartrate buffer (pH =3.56) was a saturated solution of

potassium hydrogen L-tartrate (> 99%, Fluka Chemical Corp.). The

solution was vacuum filtered before use. This buffer was not used after

2 days due to the possibility of mold growth.

For the phthalate buffer (pH = 4.01), 10.1257 g of potassium

hydrogen phthalate (> 99.5%, Fluka Chemical Corp.) was required per

liter of solution. The salt was dried overnight at 130 oC before

weighing.

The two phosphate buffers were made from potassium phosphate,

monobasic (ACS reagent, 99%) and sodium phosphate, dibasic
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(certified ACS, 100.7%), both from Fisher Scientific Co.. The

Na2HP04 was dried overnight at 130 oC, and the KH2P04 was dried for
30 minutes at 110 oc. The phosphate 1 buffer (pH=6.86) required

3.3886 g of KH2P04 and 3.5348 g Na2HP04 per liter. The phosphate II

buffer (pH=7.41) used 1.1792 g of KH2P04 and 4.3042 g Na2HP04 per
liter.

6.5.2 Results

There were three prototypes that were tested successfully. For the
first two devices, the printed circuit PCI was combined with the pH

ISFETs CH22-S2 (PTl) and CH25-S2 (PT2). The third prototype (PD)
used the pH ISFET CH23-S2 which was permanently attached to PC2.

The three prototypes were tested in air before they were used in
solution. Two devices, PTI and PT3, had a pulse period of approxi

mately 20 ms. The third, PT2, was tested soon after removal from the
oyen and showed a higher period of 33 ms. The pulse period for ail

three devices dropped after the initial conditioning in the tetroxalate
buffer. The period decreased by 2 ms for PTl and PT3, while the PT2

period dropped by 12 ms. The behaviour of PT2 can be attributed to the
differences in temperature. After the prototypes were used once, the

pulse period of the dry device in air was observed to be greater than the

period in solution, but only by approximately 0.5 ms.

The effect of stirring was investigated. The stirring rate had to be

kept low because only 5 mm of the device was immersed in the solution.

Even at slow rates, stirring was seen to increase the fluctuations in the
readings. The magnitude of this effect was not quantified. AlI test

results reported here were obtained in quiescent solution.

The response of the prototype pH telemetry device in the aqueous

buffers can be seen in Figures 6-11 and 6-12. These data were obtained

by immersing device PT3 in each of the solutions for 5 minutes. The cal

ibration curve, Figure 6-11, shows a non-Iinear response over the range

of these buffers. In this experiment the device was conditioned in the

tetroxalate baffer, then the solutions were tested in order of decreasing

pH, starting with the phosphate II buffer. Similar results were seen
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Figure 6-11. Calibration curve for prototype in aqueous pH buffers.
Data from prototype PT3, 2.5 minutes after immersion.
Buffers and conditions described in tex!.
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when the order was random for this and the other two prototypes.
The readings in Figure 6-11 were taken at the halfway point of the

five-minute run. The importance of the elapsed time is illustrated in
Fig~re 6-12, which shows the period readings for the five buffers over
the entire run. Il takes over a minute after immersion for the response
to settle to a steady-state signal. After the first minute a d.~ift in the
response was seen, even in the short time frame of this experiment.
Because of this drift, the shape and position (along the y-axis) of the

calibration curve is dependant on the elapsed time.
The average magnitude of the drift was determined to be 0.005

ms/minute in the short term (i. e. over a span of less than 10
minutes).This short term drift rate may seem small, but it actually
corresponds to a rate of roughly 0.3 pH units per minute for the data in
Figure 6-11. The drift may be positive or negative. Over several hours
the direction of the drift often reversed, resulting in a deceivingly lower
rate of drift.

6.5.3 Discussion

The slow response seen on immersion is not surprising. In general,
ISFETs are reported to have a response time of less than a second, but

this is for a step change in the solution concentration. In the procedure
used here, the dry ISFET is placed in a quiescent solution. There is,
naturally, a time lag before the electrochemical double layer is formed
at the gate surface. Stirring hastens the initial response, but introduces

undesired fluctuations.
The procedure of taking a reading at a specifie time after immer

sion in the test solution is commonly used in potentiometry. This help
ed to make the prototype data more presentable, however this alone

cannot compensate for the problems presented by the data for the
prototype. There are two very basic problems, which are partially

related. The first is the lack of sensitivity, especially when the
magnitude of the signal is considered. It is difficult to measure a small

change in a large number. The change in the signal over the pH range
tested was only 0.05%. By calculating backwards this indicates a change
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in Ros of only 1 ka. This is too small relative to the combined resis
tance of Rs and Ros. The value of Rs could be reduced. but not low
enough to eliminate this problem. Ideally a new ISFET could be

designed to give a high Ros and, more importantly, a higher rate of

change in resistance relative to the surface potentiaJ.
The second problem is the high rate of drift relative to the

sensitivity. If a new ISFET was to increase the sensitivity while exhibi
ting the same drift rate, this problem would be solved. However, the

drift may also increase. This could only be evaluated if a new ISFET
was available. Another approach is to try to reduce the effect of the

drift electronically. Feedback is commonly used to regulate the output
of an FET. This would require a different, and more complex circuit.

The drift can also be negated by using a pair of ISFETs to differentiate
between the signal and drift. This method of common-mode rejection is

the basis of the differential sensing technique used in Chapter 7.

As it stands, the drift is far too high compared to the sensitivity of

the response for this prototype. Further efforts at developing an actual
gastric pH pill would be unwarranted with the present circuit and

components. If a new ISFET could be developed to solve the problems

discussed, then the next step would be to further reduce the size and

properly encapsulate the device.

6.6 Summary

The data presented here demonstrate that the prototype was

successful as a telemetric pH sensor in standard solutions in vitro.
Several problems have been identified which must be addressed before

continuing the development of this device towards the ultimate goal of
a gastric pH sensor. One solution to these deficiencies is the design and

fabrication of a new ISFET specifically for this type of circuit, however

this was not possible in this laboratory. An alternative course based on

differential sensing from a pair of ISFETs was pursued. This work is

presented in the next chapter.
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DIFFERENTIAL SENSING

7.1 Introduction

The concept of differential sensing, first mentioned in Sections
2.3.1.1 and 2.4.2.2, is neither novel nor Iimited to ISFET applications.

The same basic principle applies to many analytical methods, such as
double-beam spectrophotometry. In a differential chemical sensor the

signal of a chemical sensor is compared with the signal of another sen
sor, which exhibits a similar response but is chemically non-selective.

The difference in the responses is monitored, and this represents the
signal due to the chemical recognition of a particular species. This

results 'Tl an enhancement of the selectivity and stability of the sensor
due to the common-mode rejection of the effects of interfering species,

temperature, voltage variations, and other uncontrollable parameters.

DifferentiaI sensing has been rarely used in conventional potentio

metry. Its use in ISFET research is more common because of the ease of

fabricating matched pairs of ISFETs on an le chip, and the need for a

reference electrode on the same scale as the ISFET. The ISFET pair
requires a third electrode to bias the gates. While a conventional

reference electrode can be used. it has usually been replaced with a
simple noble metal electrode [1-4]. The metal electrode can be easily

miniaturized; often it is just an evaporated metal film on the ISFET

chip. The potential of the metal electrode cannot be expectecl to be

constant, and the voltage fluctuations are seen by both ISFETs. As long

as the outputs of the ISFETs vary by the same amount, the differential
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circuit eliminates the effect of the unstable gate potentiai. The metal
electrode is caIled a pseudo-reference electrode. The onus of provid
ing a stable "reference potential" is passed on to the reference ISFET,
or ReFET.

There are two distinctly different types of ReFETs. The first type
consists of ReFETs that do respond to changes in the solution, but
respond differently than the ISFET. The electrolyte 1 ReFET interface
in this type of ReFET is said to be ion-unblocked. The difference

between the ISFET and ReFET is that the ISFET should show a greater
selectivity to a particular ion. For example, a pair of pH ISFETs which
have different pH sensitivities can be used [3]. A recent report
describes a ReFET with a chemicaIly attached polymer that exhibits a

near zero pH sensitivity [5]. Another popular version uses an enzyme
entrapped in a polymer matrix on the selective ISFET, while the

ReFET is covered with just the polymer matrix alone [4]. In this type of
differential sensor, the sensitivity of the observed response is usuaIly
less than what would be seen for the selective sensor by itself, but this is
more than offset by the increases in stability and selectivity. This type
of ReFET has been properly characterized and is weIl established.

The second type of ReFET uses an ion-blocking layer as the inter

face between the FET insulator and the solution. This approach has
been viewed with sorne skepticism [6,7]. The argument against this type

of ReFET is that an interfacial potential exists at any blocked inter
face, which cannot be stable because of the low exchange-current

density (the passage of ionic or electronic charges, equal in both
directions, across an interface at equilibrium). Indeed, if the interface
is ideaIly blocked, then the exchange current would be zero, but the
interfacial potential should also be zero and the interface should act as

a capacitor. However, achieving an ideaIly blocked interface is very
difficult. Deviations from ideal behaviour are due mainly to the surface

adsorption of charged species. Unfortunately, this phenomenon is quite
common [6,8].

The basis of the above argument is the assumption that the
existence of an ideaIly ion-blocked layer is impossible, and that any

deviation from ideal behaviour is fatal. Nevertheless, research in this
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area has continued, mainly in Japan [8-13] and Europe [14-16]. This
research acknowledges, and attempts to correct, or compensate for, the
problems due to non-ideal behaviour. The next section reviews the
different layers that have been used previously in this area of research.
and Section 7.3 introduces the blocking layer used in this chapter.

7.2 Ion-Blocking Layers

The ideal blocking layer must possess four qualities: 1) it must
block the passage of aIl ions and electrons, 2) be physically stable, 3) be
resistant to the adsorption of charged and neutral species, and 4) it
should not alter the electrical characteri~tics of the FET. When the se
conditions are met, the interfacial and FET-insulator capacitances can

be considered as a single gate capacitance.
The initial efforts at producing a blocking layer focussed on hydru

phobie organic polymers films such as Parylene (Union Carbide Corp.)
[8-11], Teflon (E.I. duPont de Nemours & Co. Inc.) [12], and
polystyrene [13]. These were found to be inadequate beeause of surface
adsorption and the thickness CL 100 nm) of the film required to ensure
the elimination of pinholes. These thick films adversely affect the
FET's electronic characteristics. Later work has concentrated on
altering the surface chemistry by chemical modification. The results
indicate that it is impossible to produce an ideally ion-blocked layer by

this method because of the difficulty of capturing enough of the active
sites [14]. Bergveld et al. [5,16] have shifted their research towards

non-blocking layers chemically bonded onto the gate surface.
It has been suggested that a Langmuir-Blodgett (LB) film could be

used as an ion-blocking layer [17,18]. These films exhibit the required
insulator characteristics, and are thin enough (5-100 nm) that they

would not affect the FET performance. The problem of surface
adsorption would still exist, and the mechanical fragility of the films is

also a problem. An advantage of LB films is that chemically selective
functionalities can be incorporated into the film [19,20]. The feasibility

of ReFETs using LB films remains to be determined.
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Self-Assembled Alkanethiol MODolayers

(

(-

The consideration of LB films led to the investigation of an alter
native type of blocking layer, namely self-assembled alkanethiol mono

layers on gold surfaces, for use as a new ReFET surface. The monolayer
is formed by the specific interaction between the sulfur atom and the

gold surface, resulting in a densely packed, crystalline or liquid
crystalline film [21]. While the affinity of sulfur for gold has been

known for sorne time [22], the bulk of research in this area has taken
place in the last 5 years [21,23-29].

The adsorption process occurs spontaneously upon immersion of
gold into a solution containing the alkanethiol. The resultant film is

shown in Figure 7-1. The adsorbed species is thought to be a gold
thiolate, RS-Au(I) [23]. The alkyl chains, or tails, form a closely packed

organic film. The angle of the tails relative to the gold surface and the
packing geometry are dependant on the alkanethiol and the adsorption

conditions [21,28]. The film thickness for an octadecane (CI8) thiol is
approximately 2 nm. The stability of the monolayer is extremely high.

Generally, it can be removed only by mechanical abrasion.
Electrochemical studies [24-26,29] have shown that alkanethiol

monolayers strongly inhibit ion transport and electron transfer.

__ THIOl MOIETY

-- GOLO

Figure 7-1. Self-assembled alkanethiol monolayer on gold.
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Deviations from ideal behaviour have been attributed to the presence
of pinholes in the film [26,29]. The fraction of the surface area occu

pied by pinholes ranges from 10-2 to 10-5 (99 to 99.999% coverage).
Pinholes can be reduced by using a smooth, ciean gold surface and a

long-chain alkanethiol.

Self-assembled alkanethiol monolayers possess three of the four

qualities required for an ideal blocking layer. The blocking action is
excellent when the proper conditions and reagents are used. The

physical stability is far greater than that of LB films, and the deposition

is fairly straightforward. The monolayer is thin enough so that the FET

electronic characteristics should not be adversely affected. The last
desired quality, resistance to adsorption, remains a problem. Though

not addressed in this thesis, it is reasonable to expect that the organic
monolayer would be susceptible to adsorption, especially in biological

matrices.
This chapter presents the first use of an alkanethiol monolayer on

gold as a blocking layer on a potentiometric sensor. A schematic of the
ReFET is given in Figure 7-2. The metal layers between the organic

C1B·THIOL
2nm

Au
100 nm

~--Cr Snm

Si0 2
8Q nm

N·TYPE

P·TYPE SILICON

E )

Figure 7-2. Schematic of ReFET incorporating alkanethiol monolayer.
(not to scale)
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monolayer and the Si3N4 insulator were formed by vacuum sputtering
(the thin layer of chromium is present to enhance adhesion). The goId
layer is electrically floating and equipotential [30]. The alkanethioll
metall insulator combination acts as a single gate capacitance.

In this work, an alkanethiol ReFET was used in conjunction with a
regular pH ISFET on the same chip. In an optimal differential sensing

setup, the surfaces of the ISFET and ReFET would be more closely
matched. Other research groups are presently working on introducing
chemical functionalities into alkanethiol monolayers [27,28]. It should
be possible to modify the monolayer to confer selectivity. An ISFET

using such a selective monolayer would then better match the ReFET.

7.4 Experimental

7.4.1 ReFET Construction

One of the two ISFETs on a UU03 chip (see Sections 3.2.1 and
6.5.1) was used, as received, as a pH sensor, and the other was used for

the ReFET. The first step in the construction of the ReFET was to
prepare the chips for the deposition of the Cr/Au metal film. The FET
chips were placed in a 120 oC oven for two hours and subsequently
stored in a desiccator. A layer of paper was glued (Scotch Brand 6065
spray mount glue, 3M Canada Inc., London, Ont.) on1o a 2.5x7.6 cm
glass slide. Thirteen chips were then seated in recesses cut out of the

paper. Masks were prepared from 25.4 IJ.m thick Teflon film (DFI00,
Dilectrix, Lockport, NY). The Teflon was taped onto a plastic block

and 0.25xO.6D mm holes were made with a metal punch. The Teflon was
then positioned on the glass slide so that the holes were lined up with
the gate areas, and then taped in place.

Metallization of the gate area was performed by Guy Rodrigue in

the Dept. of Electrical Engineering at McGil1. A Key High Vacuum
Products Model KV-301 vacuum sputterer was used, and the film thick

ness was monitored during sputtering with a Granville-Phillips Series
270 gauge controller. The base pressure before deposition was 4xl0-8
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,/' Cr/Au FILM

-- EXPOSED GATE AREA

ijlij
..

1 IO.02--1f'-

U
').25

Figure 7-3. Schematic diag"am of UU03 chipafter metallization.
Ali dimensions are in mm. (scale=2.54cm:lmm)

torr. The chromium was melted at 60 A (amperes), then vaporized at

360 A. A 5-nm Cr layer was deposited at a rate of 3.5 nm/s. The gold
was then melted at 150 A and vaporized at 400 A. The 100-nm Au film

was deposited at a rate of 2.5 nm/s. Figure 7-3 shows the chip after
removal of the Teflon mask.

The ISFET chips were die mounted, wired, and encapsulated
according to the procedure described in Section 3.2.1. Extreme care

was necessary when applying epoxy around the evaporated gold because
the affinity of the epoxy for the gold caused it to flow over the entire

gold surface. To avoid this, the epoxy was applied only to the top half of
the chip (covering the wires and bonding pads) and around the edges of

the bottom half (the gate area). No epoxy was used between the ReFET
and ISFET gates.

The last step was to coat the gold surface with the alkanethiol
layer. The encapsulated chips were washed with deionized, distilled

water fol1owed by absolute ethanol, then dried in an 120 oC oyen for a
minimum of one hour. A 1.0-mM solution of l-octadecane thiol (98%,

Aldrich Chemical Co., Milwaukee, WI) in absolute ethanol was
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prepared. After the chips cooled to room temperature, they were
immersed into the fresh thiol solution in a Nalgene bottle, and the
bottle was sealed with Parafilm. The chips were left in the solution for
18 hours at room temperature. After removal, the chips were washed
with absolute ethanol followed by deionized, distilled water, then
patted dry. The chips were usually stored dry.

The reagents and conditions for the alkanethiol monolayer depo
sition were chosen to try to maximize coverage and blocking ability
[21,26,31]. A similar film was observed to have a fractional pinhole
area of Jess than 6xlO-6 [26]. Unfortunately, there was no way to test
the extent of coverage on the ReFET. While total coverage is assumed,
the presence of pinholes is certainly possible.

7.4.2 FET Controller Modification

The hardware of the FET Controller (Chapter 3) was modified to
allow simultaneous operation of up to four ISFET/ReFET pairs using a
differential circuit. The FET Controller software (Chapter 4) did not
require any changes. The modifications had no effect on the testing of
single FETs.

The first ISFET control board (FC2 - see Sections 3.3.1 and 3.5.4)
was modified to give the circuit in Figure 7-4. The ISFET was hooked

up to the FET Controller in the normal fashion. The ReFET was
connected to the terminais originally used for the IGFET (the IGFET
gate terminal, GOG, was not used). The FET sources are the inputs to a
matched set of current-to-voltage converters. The final stage is the
differential amplifier. The balance of the circuit seen in Figure 3-4 was
deactivated by removing the chips RP2-1, RP2-2, and OA2-13. This

allowed the output of op amp 3 to be connected to the ISFET control
board output, SO. This was repeated for the other three ISFETs
controlled by board FC2. Thus, the data acquired by the software for
ISFETs 1 through 4 actually represents a voltage proportional to the
difference in the drain currents of the four ISFET/ReFET pairs.
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Figure 7-4. Schematic diagram of differential sensing control circuitry for
one ISFET/ReFET pair

7.4.3 pH Buffers

;·;0~~
....:,.;'

The pH's of ail the buffers were checked according to the protocoJ

described in Section 6.5.1.1. For the initial experiments, the buffers

were made following the procedure also given in Section 6.5.1.1.

The last set of experiments involved the titration of phosphoric
acid with a sodium hydroxide solution. A solution of approximately 0.1

M H3P04 was made by diluting reagent grade H3P04 (assumed to be

85%). The titrant was reagent grade 0.1 M NaOH which was

standardized against primary standard grade potassium hydrogen

phthalate. Sample volume was 25.0 ml. The titrant volume and glass

electrode pH readings were recorded manually during the titration.

The differential output data was retrieved from the computer after the

run and matched to the titrant volume and pH readings.
The ISFET and ReFET gates were biased with either an SCE ref

erence or a platinum bullet pseudo-reference electrode (approximate

surface area = 2.4 cm2) connected to the front panel REFO output.
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7.5.1 Preliminary Tests

Ail of the ISFETs and ReFETs were tested individually, using the
test FET program, before use in the differential sensing configuration.
The alkanethiol ReFETs exhibited normal response, however the drain

currents appeared to be lower than usually seen for the pH ISFETs.
This is a subjective observation, because the magnitude of the current
response varies for ail FETs and a limited number of ReFETs (6) were
tested.

Analysis of the test FET data indicated that the ISFET threshold
voltage, VT *, was approximately equal to 0 V for both the ISFETs and
ReFETs.

As a preliminary experiment, an ISFET/ReFET pair was tested in

different buffers using the test FET program. With this program, each
FET/buffer combination constituted a separate run. After ail the data
were collected, the drain currents for the ISFET and ReFET were
compared. The difference in the drain currents was plotted against the

pH of the buffers (Figure 7-5). The results indicate that alkanethiol
monolayer did suppress the pH response of the ReFET. The insensitiv

ity at low pH for the saturated case may have been due to the large
drain currents (> 1000 IJ.A) observed in both FETs. This may have

limited the response range.
The next set of experiments used two ISFET/ReFET pairs in the

differential sensing mode to establish the performance characteristics
of the system, and determine the optimum settings for the software
parameters.

Il was quickly seen that the differential output signal was quite

smail - on the order of tens of millivolts. The highest gain (8) was used
for the A/D converter, corresponding to a ±1.25V range and a resolu

tion of 0.6 mV. Because the data acquisition system was being operated
near its limits, we decided to take a doser look at the noise in the

signal. The initial test is shown in Figure 7-6(a). With only one A/D
conversion sample per point, the noise level was quite disturbing. The
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Figure 7-5. Difference in drain currents for ISFET/ReFET pair.
Plotled as 10(ReFET)-lo(ISFET)' Chip:Ch33.
Parameters set by test FET program.
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Figure 7-6. Effect of real-time averaging on differential sensing noise.
Chip: CH39; gain =8; Vo =3 V; Vo =2 V; acquisition period = 1 s
(a) 1 A/D conversion sample per point (b) 50 A/O conversions peT point
Attime = 0 minutes: tetroxalate buffer (ph = 1.68)
Attime = 4,8, and 12 minutes: phosphate 11 buffer (pH = 7.41)
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noise consisted of random pulses of high frequency noise. This was
eliminated by increasing the number of samples per point to 50 (Figure

7-6(b)). Considering that the 50 samples were obtained in approx
imately 0.01 s, the frequency of the noise was apparently greater th an

100 Hz. The peak-to-peak noise for the first four minutes in Figure
7-6(b) was measured as 2.1 mV, and, assuming a normal population,

this corresponds a standard deviation of 0.42 mV. This indicates that
the minimum detectable change in the signal is 1.26 mV (99.9% confi

dence, k =3), or roughly double the resolution of the A/D converter. A
more precise A/D converter would be useful or, alternatively, the

differential amplifier gain could be increased to boost the signallevel.
The final preliminary test examined the effect of VD and VG on

the pH response to three buffers (tetroxalate, phthalate, and phosphate

II; pH = 1.68, 4.01, and 7.41 respectively). Il was found that operation in

the saturation region was best in terms of Iinearity and sensitivity. The

values chosen were: VD = VG= 3 V. These values are also in compliance

with the battery voltage that would probably be used in a telemetry
device.

7.5.2 Titration of Phosphoric Acid

The purpose of the phosphoric acid titrations was to monitor the
progress of an acid-base titration with both a conventiona! pH glass

electrode and the ISFETIReFET differential sensor simultaneously.
The differential output was then compared to the pH reading from the

glass electrode, assumed to be true. The titration of H3P04 was chosen

because of the buffering action of the salts formed during the titration.

This made it easy to obtain evenly spaced readings with regard to pH.
The pH range of the titration (1.5 to 210) c10sely approximates the

gastric pH range.

A set of representative data is shown in Figure 7-7. The titration

curve in Figure 7-7(a) exhibits the c1assic shape. Of more interest is the

comparison between the differential output and the true pH in Figure

7-7(b). The equation for this data set is: y = 8. 97x • 28.00 (R=0.999)

between pH 1.5 and 8. Ail of the titrations employing the SCE as the
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Figure 7-7. Titration of phosphoric acid with sodium hydroxide using
differential sensing and an SCE reference.
Chip: CH38; gain = 8; VD = Va = 3 V; acquisition period = 1 s;
samplesjpoint = 50. Sample: 25 ml of 0.1 M HJ!'04' Titrant: 0.1 M NaOH.
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reference gave similar results.
The experiment was repeated with the Pt electrode replacing the

SCE. The titration and calibration curves are given in Figure 7-8 for a
sample titration. The data in Figure 7-8(b) fit the e::Juation:

y = 8.25x - 13.02 (R =0.998) between pH 1.5 and 8. While the curves
in Figures 7-7 and 7-8 are similar, there are three distinct differences.

]n ail cases, the use of a Pt pseudo-reference resulted in a shift in the
differential output of approximately + 10 mV. Secondly, the sIope of

the Pt calibration curve was usually 1 mV/decade less than the sIope of
the SCE curve. Finally, a loss of signal at high pH's (> 7), as seen in

Figure 7-8(b), was occasionally observed.

7.5.3 Performance Characteristics

(' .
,

The selectivity was not determined for the ISFET/ReFET pair. It

can be assumed that the selectivity is high, with selectivity coefficients
on the order of 10-7 for Na + and K + based on literature values [32].

With a minimum detectable change in signal of 1.26 mV, and a

calibration curve slope of approximately 9 mV /decade, the sensitivity

was 0.]4 pH units. This is the minimum pH change that could be

observed. The limit of detection can be considered to be the limit of the

linear response range, pH=8 (see Section 1.3.1.3 for a discussion of the
different LOD's).

The response time of the sensor varied with the method used and

the pH level. When the device was placed in a new solution, the

differential output would take 10-30 s to settle. In the titrations, where
the sensor remained in solution, the output was steady within 2 s after

addition of the titrant. These values are valid within the pH range 2·8.

The response time increased at the pH extremes, particularly at low pH

where it took up to 10·20 min ta reach the final signal.
The average magnitude of the short term drift was 0.49 mV/min

ute, or 0.054 pH units per minute. Once again, the long term drift was

deceivingly low due to reversaIs in the direction of the drift. This was

exemplified by the calculated mean of the drift (-0.073 mV/minute,
n = 10, cr = 0.66), which wa~much lower than the average magnitude.
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Although the ISFETIReFET differential sensor performed weIl,
there are many questions yet to be answered concerning the utility of

the alkanethiol monolayer and the possibility of using a
pseudo-reference electrode. In order to understand the action of the

ReFET, the differential output must be analyzed in terms of what is

happening at the surfaces of the FETs. This can be achieved with the

equation for the operation of an ISFET in the saturated region (see
Section 2.4.2):

(7.1 )

("

("

where K contains aIl the physical constants associated with the device.

The value of Kwas calculated using rough estimates for the other

variables (Vo=Va=3V, VT*=OV, Io=1mA), based on experimental
data, giving K= 1.6x10-4. The slope of the differential output versus

pH calibration curve, approximately 10 mVIdecade, corresponds to a

change in difference current of 10 ~A/decade. This value, along with

the K and Equation 7.1, was used to determine the change in 'Po per
decade change in pH. This was found to be approximately 15 mV, weIl

below both the ideal value of 59 mV dictated by the Nernst equation

and the experimental value of around 50 mV reported for Si3N4 pH

ISFETS [32J. This indicates that the alkanethiol monolayer is not
acting as an ideal blocking layer.

This conclusion is also substantiated by the observation of the shift
in the differential response when the Pt pseudo-reference electrode

replaced the SCE reference. This demonstrated that changes in th.~

gate bias, or reference, voltage were not completely eliminated by

common-mode rejection. Therefore the Pt electrode could only be used

in situations where the requirements concerning accuracy and precision

are not stringent.

The question remains as to whether the non-ideal behaviour of the

alkanethiol monolayer ReFET was due to flaws in the device design and
construction, or to more serious concerns. Because of the limited
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number of devices constructed for this work (5) and the difficulties
involved in testing of the monolayer in situ, it is probable that the

results presented in this chapter can be improved upon. It would be
particularly advantageous to be able to test the monolayer for defects

before and after use. Another direction of research would be to replace
the inorganic gate ISFET with a chemically selective alkanethiol

monolayer ISFET. The alkanethiol coated FET could also find use in
immunological sensors, where the lack of an ideal blocking layer con

tinues to be an impediment.
Differentiai sensing was approached as a method to improve upon

the telemetry device of Chapter 6. Is this possible? The answer is a
qualified yeso In itself, differential sensing does improve on the

performance of the sensor as a whole. The drift of the differential
sensor was almost an order of magnitude better than that of the

prototype telemetry device. Problems remain with the reference
electrode and biocompatibility, neither of which is trivial. The alkane

thiol monolayer ReFET produced sorne interesting and useful results,
and with sorne improvements it could be incorporated successfully into

a telemetry device.
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Contributions to Original Knowledge

1. A procedure for the construction of a glass ceramic die was developed.
Two versions of the die were constructed. These dies were used for the

mounting of ISFET chips.

2. A microcomputer controlled instrument (the FET Controller), which

controlled an array of 1 to 12 ISFETs, was designed and constructed.

3. A software program was written to control and acqui;e data from 1 to

12 ISFETs using the FET ControlIer. The program used background

multitasking to acquire data which was displayed, processed, and

saved in the foreground in real time.

4. A software program was written to automatically test and characterize

single FETs at varying drain and gate potentials.

5. A telemetric pH sensor was desiped and built incorporating a pH

ISFET. The suitability of ISFETs for use as the chemical recognition
and transduction elements in a telemetric sensor was established. To

the best of our knowledge, this represents the first use of an ISFET in

a telemetry device. This opens up new avenues in both the. ISFET and

telemetry research fields.

6. The use of an ISFET as a pH dependant, variable linear resistor was
described.

7. The pH telemetry device was tested in aqueous buffers. Signal drift

was observed to be significant. The major problem with this device was

determined to be the low ratio of analytical signal to the background

signal.
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8. A self-assembled alkanethiol monolayer on gold was investigated as a

blocking, or ion-insentive, layer on an ISFET. This was successfully

used as a ReFET in conjunction with an pH ISFET and an SCE as the

reference electrode. This was the first use of such a layer in a

potentiometric device.

9. The ISFET/ReFET pair was also used with a platinum pseudo

reference electrode with mixed results.

10. DifferentiaI sensing was confirmed to be a superior operational mode

than the simpler design using the ISFET as a variable resistor.
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APPENDIXA

ASYST PROGRAMS FOR FET CONTROLLER

This appendix contains the 4 programs which were discussed in
Chapter 4, and used in Chapters 4 and 7. Table A.l gives the details
necessary to run each program. The program listings follow Table A.2.

The two ASYST versions were configured differently in terms of
memory allocation and permanently loaded overlays. The configuration
specifies for JMASYST2 and ANALYZE are given in Table A.2.

The individual modules that must be loaded for each program are

listed in the 3rd column of Table A.l, and this was done by the first
executable word for each program (i. e. LOAD.MULTIPLE.FETS).

These "LOAD" words were saved as part of the applicable ASYST
version. The other executable words listed are the highest level words,
and are meant to be entered interactively. Lower level words can also
be run interactively, but this is not advised.
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Table A.1
FET Controller Program Details

Program ASYST Ver.lon La.d, ln order Executable Ward.

DECLARE

Multiple WORDSO LOAD.MULTIPLE.FETS
WORDSI TURN.ONISFET JMASYSn WORDS2 SETUP.FETS

Acquisition WORDS3 RUN.FETS
WORDS4 SAVE.MULTIPLE.DATA
WORDS5
PROGRAMI

Multiple DECLARE3 LOAD.MULT.ANALYZE

ISFET ANALYZE WORDS5 RETRIEVE.MULT1PLE.DATA

WORDS8 fet#.loken PLOT
Analysis fet#.token HARD. PLOT

DECLARE2 LOAD.TEST.FET

Test FET WORDSO TURN.ON
JMASYSn

WORDS6 TEST.FET
Acquisition

WORDS7 SAVE.TEST.DATA
PRINT.TEST.RESULTS

Test FET DECLARE4 LOAD.TEST.ANALYZE
ANALYZE WORDS7 RETRIEVE.TEST.DATA

Analysis WORDSIO GO,t"';.,·

./J"
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Table A.2
ASYST Configuration

Statua upon entry; minimized system

Ver.lon: JMASYST2 ANALYZE

Total bytes (Il used)

Base Dictionary
Code Segment
System Dictionary
Symbol.Table
String Segment
OAS Buffer Segment
GPIS Queue Segment
User Diclionary
Token Hcap
Unnamed Array Heap
Array Storage Area
Keyboard Buffer
System Buffer

65536 (83)
80400 (79)

134432 (84)
20480 (70)

6144 (56)
1024

o
30720 (01)
34816
81920

102016 (10)

65536 (81)
78736 (74)

123392 (82)
20480 (67)

6144 (71)
o
o

20480 (01)
32768

163840
46096 (47)

200
65520 (in expanded memory)

Expanded Memory

Total Pages
Total Bytes
Unallocated Pages
Unallocated Bytes

24
393216

20
327680

Data Files
Array Editar

HP Piotter Driver

Software Scroller
Statistics & Special Funclions

Wavefor:rD Operations

Editar
Help System

Data Acquisition Master
Data Translation 2800

Permanently Loaded

System Overlays
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Multiple ISFET data acquisition program
File' Declare Page 1 of 1

DT2800

00 D/A.TEMPLATE DACO
Il D/A.TEMPLATE DAC!

4 DIGITAL.TEMPLA1E PORTO
5 DIGITAL.TEMPLATE PORTI
6 DIGITAL.TEMPLATE WORD
012 A/D.TEMPLATE TASK.CHNLS

O.! CONVERSION.DELAY

DAS.IKIT

\ Data Translation board DT28Dl

\ DACQ and DACI to he used for reference
\ electrode control

\ Digital templates will be used for con
\ tro1 of PET Controller operatation.

\ Vsed for multiple FET data acquisition
10

\ OT2801 parame ter (0.073 to 163.8 mS)

IKTEGER DIM[ 36 JARRAY VZDS.COl:!':T
128 VZDS.COUNT: =

\ lnteger value output ta FET Control
\ ler(010255)

15

INTEGER SCALAR NUM 0 NUM : =
SCALAR GAI!': 1 GAIN: =
SCALAR VZ.RAKGE JO VZ.RANGE : =
SCALAR VD/VS.RANGE 5 VD/VS.RANGE: =

SCALAR MAX.BUFF.SIZE 16384 MAX.BUFF.SIZE : =
SCALAR !':UM.FETS 12 NUM.FETS: =
SCALAR SAM.POINT 8 SAM.POINT: =

REAL DIMI36 JARRAY VZDS.I~;pt.'T

oVZDS.IKPL'T: =
DIM[ 36 J ARRAY VZDS.VALL'E

oVZDS.VALUE: =

DIM[ 36 JARRAY VZDS.MINIML'M
DIMI 36 JARRAY VZDS.STEP

FILE. OPEN \JEFF\DATA\DACCO!':ST.DAT
3 SUBFILE VZDS.MINIMUM FILE >ARRAY
4 SUBFILE VZDS.STEP FILE>ARRAy
FILE.CLOSE

,.,- ....

SCALAR POINTS

SCALAR CYCLE#

SCALAR INDEX

85 POINTS:=

o CYCLE#:=

o IKDEX:=

\ User input

\ AClual voltage applied by FEl' Con
\ troller

\ Experimentally deterrnined parameters

\ Fill minimum and step arrays with
\ Wilh default values for VZ = 10
\ and VD/VS = 5

\ Multipurpose input variable
\ Hardware A/D gain
\ Zeroing voltage range
\ Drain and source volt·
\ age range (5 or 10)
\ Should be a power of 2
\ Number of FETs
\ Number of samples ave
\ raged per point
\ Number of points taken
\ per FET per buUer
\ cycle
\ Count of number of
\ data buffer cycles
\ Used to acceSS pro~

\ per FET#.TOKEN
\ position

20

25

30

35

40

45

SCALAR REFO 0 REFO: =
SCALAR REFI 0 RE FI : =
SCALAR ACQ.PERIOD 1 ACQ.PERIOD: =

SCALAR TASK.PERIOD.MS 50 TASK.PERIOD.MS: =

REAL SCALAR COKV.FACT o CONV.FACT: = \ General use conversion
\ factor
\ Reference 0 voltage
\ Reference 1 voltage
\ Acquisition period in
\ seconds (0.2 to 60)
\ Period in mS between
\ task interrupts «55)

50

55

117163 WINDOW {ARRAY.HORIZ.LABEL}
114 1415WINDOW {ARRAY.VERTI.LABEL}
2012378 WINDOW {GRAPHICS.PROMPT}

186205201200188187 BORDER.CHARS

TOKEN BUFFER.A
TOKEN BUFFER.B
TOK:JN PRESE1'o'T.ARRAy

\ Custom array editor windows

\ Multiple FET acquisition text
\ window

\ Text window border

\ Cyclic double buffer tokens in real memory for
\ multiple FET acquisition.
\ Token to be EQUIV > to either BUFFER.A or.B
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Multiple ISFET data acquisition program
File: Declare Page 2 of 3

TOKEN TEMP EXP.MEM> TEMP \ Token for massagt..<i bui ;;.nsorted data

\ The folJowing PET#.TOKE~Swill each occupy 16K page in expanded memory.
\ With default MAX.BUFF.SIZE = 16K these tokens will bold BK of data points.
TOKE:" FETI.TOKEN EXP.MEM> FETI.TOKEN

INTEGER DI MI MAX.BUFF.SIZE 2/) UNNAMED.ARRAy BECOMES> FETI.TOKEN
oFETI.TOKEN: =

TOKEN FET2.TOKEN EXP.MEM> FET2.TOKEN
INTEGER OlMI MAX.BUFF.sIZE 2 /1 UNNAMED.ARRAy BECOMES > FET2.TOKEN
oFET2.TOKEN :=

TOKEN FET3.TOKEN EXP.MEM> FET3.TOKEN
INTEGER OlMI MAX.BUFF.SIZE 2/) UNNAMED.ARRAy BECOMES > FET3.TOKEI'
oFET3.TOKE!'i: =

TOKEN FET4.TOKEN EXP.MEM> FET4.TOKEN
INTEGER OlMI MAX.BUFF.SIZE 2 / 1 UNNAMEDARRAy BECOMES> FET4.TOKEK
oFET4.TOKEN: =

TOKEN FET5.TOKEN EXP.MEM> FET5.TOKEN
INTEGER DIMI MAX.BUFF.SIZE 2/1 UNNAMED.ARRAy BECOMES > FET5.TOKE!'i
oFET5.TOKEN :=

TOKEN FET6.TOKEN EXP.MEM> FET6.TOKEN
INTEGER DIMI MAX.BUFF.SIZE 2 / 1UNNAMED.ARRAy BECOMES> FET6.TOKEI'
oFET6.TOKEN : =

TOKEI': FET7.TOKEN EXP.MEM> FET7.TOKEI'
INTEGER OlMI MAX.BUFF.SIZE 2 / 1 UNNAMED.ARRAy BECOMES> FET7.TOKEN
oFET7.TOKEN: =

TOKEN FET8.TOKEN EXP.MEM> FET8.TOKEN
INTEGER DIMI MAX.BUFF.SIZE 2 /) UNNAMED.ARRAy BECOMES> FET8.TOKE!'i
oFET8.TOKEN: =

TOKEN FET9.TOKEN EXP.MEM> FET9.TOKEI':
INTEGER DIMI MAX.BUFF.SIZE 2 /1 UNNAMEDARRAy BECOMES> FET9.TOKEI':
oFET9.TOKEN: =

TOKEK FETlO.TOKE!'i EXP.MEM> FETlO.TOKEN
INTEGER DIMI MAX.BUFF.SIZE 2/1 UNNAMED.ARRAy BECOMES> FETlO.TOKEN
oFETlO.TOKEN: =

TOKEN FETlI.TOKEN EXP.MEM> FETlI.TOKEN
INTEGER OlMI MAX.BUFF.SIZE 2 /1 UNNAMED.ARRAy BECOMES > FETlI.TOKEN
oFETlI.TOKEN :=

TOKEN FET12.TOKEN EXP.MEM> FETl2.TOKEN
INTEGER OlMI MAX.BUFF.SIZE 2 / 1 UNNAMEDARRAy BECOMES > FETl2.TOKEN
oFETl2.TOKEN: =

70

75

80

85

90

95

100

105

TOKEN PLOT.ARRAY
VUPORT VUPORT.MAIN
0.0 0.25 VUPORT.ORIG
1.0 0.75 VUPORT.SIZE

Vl:PORT VUPORT.FETI
0.0 0.75 VUPORT.ORIG
0.240.25 Vl:PORT.SIZE
VUPORT VUPORT.FET2
0.250.75 VUPORT.ORIG
0.240.25 VUPORT.SIZE
VUPORT Vl:PORT.FET3
0.5 0.75 VUPORT.ORIG
0.240.25 VUPORT.SIZE
VUPORT VUPORT.FET4
0.760.75 VUPORT.ORIG
0.240.25 VUPORT.SIZE
VUPORT VUPORT.FET5
0.0 0.5 VUPORT.ORIG
0.240.25 VUPORT.SIZE
VUPORT VUPORT.FET6
0.250.5 VUPORT.ORIG
0.240.25 VUPORT.SIZE
VUPORT VUPORT.FET7
0.5 0.5 VUPORT.ORIG
0.240.25 VUPORT.SIZE

\ Token 10 be EQUIV > to data to be ploued
\ Single graphies window to be used with the
\ {GRAPHICS.PROMPT} text window

\ Multiple PET acquisition graphies windows
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APPENDIX 4

Multiple ISFET data acquisition pro~ram

File: Declare Page 3 of ,

VUPORT VUPORT.FETB
0.760.5 Vl:PORT.ORIG
0.24 0.25 VUPORT.SIZE
Vl:PORT VUPORT.FETO
0.0 0.25 VUPORT.ORIG
0.240.25 VCPORT.SIZE
VUPORT VUPORT.FETlO
0.250.25 VL'PûRT.ORIG
0.240.25 VUPORT.SIZE
Vl:PORT Vl:PORT.FETlI
0.5 0.25 VUPORT.ORIG
0.240.25 VUPORT.SIZE
VUPORT VUPORT.FETl2
0.760.25 VUPORT.ORIG
0.240.25 VUPORT.SIZE

DEF.VUPORT

140

145

150
\ Resel to default vupOrt.

.....

....

REAL DIM(1024 J ARRAY PIX.BUFF.l
REAL DlMI 512] ARRAY PIX.Bl:FF.2
REAL DlM(352 J ARRAY PIX.BUFF.3
REAL DlM1256] ARRAY PIX.Bl:FF.4
REAL DlM(256 J ARRAY PIX.BUFF.5
REAL DlM1256] ARRAY PIX.BUFF.6
REAL DlM! 2561 ARRAY PIX.BUFF.7
REAL DlM(256] ARRAY PIX.BUFF.8
REAL DlMI256 ]ARRAY PIX.Bl:FF.9
REAL DIMI256 J ARRAY PIX.BUFF.IO
REAL DIM(256] ARRAY PIX.BUFF.II
REAL DIMI256 ) ARRAY PIX.BUFF.12

\ Graphie pixel buffets for fast
\ erasing of data in multiple FEl'
\ acquisition mode

\ Higher dimensions for J. 2 and 3 arc
\ to accomodate larger array sizcs whcn
\ fewer FETs used
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Multiple ISFET data acquisition program
File: WordsO Page) of 5

\1.]
\ These latches trigger the individusl
\ DAC's to resel. PORTO should contain
\ the proper counl alid be inilialized

(

\ Basic wards for triggering and zeroing of FET Controller DACs.
\ (need, DECLARE or DECLARE2)

BINARY
: LATCH.VOO

PORTI
Il, DIGITAL.MASK
DO, WRITE.BITS
111100, DlGITAL.MASK
PULSE.BITS

: LATCH.VOI
PORTI
II. DIGITAI..MASK
DI, WRITE.BITS
111100. DIGITAL.MASK
PULSE.BITS

: LATCH.V02
PORTI
Il, DIGITAL.MASK
ID, WRITE.BITS
111100. DIGITAL.MASK
PULSE.BITS

: LATCH.V03
PORTI
Il. DlGlTAL.MASK
Il, WRITE.BITS
111100, DIGITAL.MASK
PULSE.BITS

: LATCH.VIO
PORTI
Il, DIGITAL.MASK
DO, WRITE.B1TS
111000, DIGITAL.MASK
PULSE.BITS

: LATCH.VlI
PORTI
Il, DIGITAL.MASK
DI, WRITE.BITS
111000. DIGlTAL.MASK
PULSE.BITS

: LATCH.VI2
PORTI
Il, DIGITAL.MASK
10, WRITE.BITS
111000, DIGlTAL.MASK
PULSE.BITS

: LATCH.VI3
PORTI
Il, DIGlTAL.MASK
Il, WRITE.BITS
111000, DIGlTAL.MASK
PULSE.BITS

: LATCH.V20
PORTI
Il, DIGlTAL.MASK
00, WRITE.BITS
110100, DIGITAL.MASK
PULSE. BITS

155
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15

20

25

30

35

40
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: LATCH.V21
PORT!
11. DI GlTAl.MASK
01. WRITE.BITS
110100. DI GlTAl.MASK
PULSE.BITS

: LATCH.V22
PORT!
11. DlGlTAL.MASK
10. WRITE.BITS
110100. DlGlTAl.MASK
PULSE.BITS

: LATCH.V23
PORT!
11. DIGITAL.MASK
Il. WRITE.B1TS
110100. DlGlTAl.MASK
PULSE.BITS

: LATCH.V30
PORT!
11. DlGlTAL.MASK
00. WRITE.BITS
110000. DlGITAl.MASK
PULSE.BITS

: LATCH.V31
PORT!
11. DlGITAl.MASK
01. WRITE.BITS
110000. DlGITAL.MASK
PULSE.BITS

: LATCH.V32
PORT!
11. DIGITAl.MASK
10. WRITE.BITS
110000. DIGITAl.MASK
PULSE.BITS

: LATCH.V33
PORT!
11. DIGITAL.MASK
11. WRITE.BITS
110000. DIGITAL.MASK
PULSE.BITS

: LATCH.V40
PORT!
11. DlGITAl.MASK
00. WRITE.BITS
101100. DIGITAL.MASK
PULSE.BITS.

: LATCH.V41
PORT!
11. DlGITAL.MASK
01. WRITE.BITS
101100. DlGITAl.MASK
PULSE.BITS

: LATCH.V42
PORT!
11. DlGITAl.MASK
10. WRITE.BITS

APeENP1XA

Multiple ISFET data acquisition program
File: WordsQ Page 2 of 'i

70

75

80

85

90

95

100

105

110

115

120

125

130
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101100. DlGITAI..MASK
PULSE.BlTS

: LATCH.V43
PORT!
II, DIGITAL.MASK
11. WRITE.BITS
101100. DIGITAL.MASK
PULSE.BITS

: LATCII.V50
PORT!
Il.DIGlTAL.MASK
00. WRITE.BITS
101000, DlGITAL.MASK
PULSE.BITS

: LATCH.V51
PORT!
Il,DIGITAL.MASK
01. WRITE.BITS
101000. DIGlTAL.MASK
PULSE.BITS

: LATCII.V52
PORT!
Il. DIGlTAL.MASK
10. WRITE.BITS
101000. DlGlTAL.MASK
PULSE. BITS

: LATCH.V53
PORTI
Il, DIGITAL.MASK
Il. WRITE.BITS
101000, DIGlTAL.MASK
PULSE.BITS

: LATCH.V60
PORTI
Il. DIGITAL.MASK
DO, WRITE.BITS
100100, DIGITAL.MASK
PULSE. BITS

: LATCH.V61
Pt'RT!
11. DIGITAL.MASK
01. WRITE.BITS
100100, DIGITAL.MASK
PULSE.BITS

: LATCH.V62
PORT!
II. DlGITAL.MASK
ID, WRITE.BITS
100100, DlGITAL.MASK
PULSE.BITS

: LATCH.V63
PORT!
Il, DlGlTAL.MASK
Il. WRITE.BITS
100100. DlGlTAL.MASK
PULSE.BITS

: LATCH.V70

APfENDlXA

Multipie ISFET data acquisition program
File: WordsQ Page 3 of 5

135

140

145

150

155

160

165

170

175

180

185

190

195

200
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PORT!
II. DIGITAL.MASK
00. WRITE.BITS
100000. DlGITAL.MASK
PULSE.BITS

: LATCH.V71
PORT!
Il. DIGITAL.MASK
01. WRITE.BITS
100000. DIGITAL.MASK
PULSE.BITS

: LATCH.vn
PORT!
II. DIGITAL.MASK
10. WRITE.BITS
100000. DIGITAL.MASK
PULSE.BITS

: LATCH.V73
PORT!
II.DlGITAL.MASK
Il. WRITE.BITS
100000. DlGITAL.MASK
PULSE.BITS

: LATCH.V80
PORT!
Il. DlGITAL.MASK
00. WRITE.BITS
011100. DIGITAL.MASK
PULSE.BITS

: LATCH.V81
PORT!
Il. DIGITAL.MASK
01. WRITE.BITS
011100. DlGITAL.MASK
PULSE.BITS

: LATCH.V82
PORT!
Il. DIGITAL.MASK
10. WRITE.BITS
011100. DIGITAL.MASK
PULSE.BITS

: LATCk.V83
PORT!
Il. DlGITAL.MASK
Il. WRITE.BITS
011100. DlGITAL.MASK

PULSE.BITS

APPENDIXA

Multiple ISFET data acquisition proi;ram
File: WordsQ Pai;e 4 of ~

105

210

21~

220

225

230

235

240

245

250

255

DECIMAL

:ZERO.DACS
PORTO
128 DIGITAL.OUT
LATCH.VOO
LATCH.VOI
LATCH.V02
LATCH.V03
LATCH.VIO
LATCH.VII

\ [ • J
\ Outputs 128 to ail DACs
\ Sets bipolar DAC's to 0 V
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LATCH.VI2
LATCH.V13
LATCH.V2D
LATCH.V2l
LATCH.V22
LATCH.V23
LATCH.V3D
LATCH.V31
LATCH.V32
LATCH.V33
LATCH.V4D
LATCH.V41
lATCH.V42
lATCII.V43
lATCH.V5D
LATCH.V51
lATCH.V52
lATCH.V53
LATCH.V6D
lATCH.V61
lATCH.V62
lATCH.V63
lATCH.V7D
lATCH.V71
LATCH.V72
lATCH.V73
lATCH.V8D
lATCH.V81
lATCH.V82
lATCH.V83

APPENDIXA

Multiple ISFET data acquisition program
File: WordsQ Page 5 of 5
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275

280
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290
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APPENDIX A

Multiple ISFET data aCQuisjtion program
File: Words] Page 1 of 2

\ Basic words for control of PET Controller DACs and refc:rence voltages.
\ (need, DECLARE)

: SET.REFO
DACO DIA.INIT
REFO
05 D/A.5CALE D/A.OUT
CR." REFO =" REFO .." V" CR

: SET.REFl
DACI D/A.INIT
REFI
-1010 D/A.SCALE D/A.OL'T
CR." REFI =" REFl .." V" CR

\ r· ] Sets DACO to REFOvoltage.

\ {- J Sets DAC! la REFl voltage.

5

10

15

: I1':PL'T.REFO
CR.~ Enter REFOvaiue {O}: ~

BEGI:" #INPL'T
IFREFO :=

REFOO <
REFO 4.9993> OR

ELSE FALSE
THE:"

WHILE CR ," REFOvaluc must be within 0 and +4.9993,"
CR ," Try agaiD : "
oREFO:

REPEAT

: I1':PI:T.REFI
CR.· Entcr REFt value { 0 } : •
BEGI:" #INPUT

IF REFI:=
REFI -10 <
REF19.9975 > OR

ELSE FALSE
THEl'

WHILE CR ," REFI value must be within -10 and +9.9975,"
CR." Try again : •
oREFl : =

REPEAT

: SET.REFERENCES
INPt:T.REFO
SET.REFO
INPUT.REFI
SET.REFI

20

25

30

35

40

45

50

..........

: INITIAL.SET
DAS.INIT
WORD
6S408 DIGlTAL.OUT
OREFO:=
SET.REFO
oREFl:=
SET.REFI

: II'PUT.DAC.RANGES
CR CR .• VZ ranges: ·5 to +5"
CR." -10 to +10"
CR." {Default value = 10 V}"
CR ," Enter new range (5 or 10): •

\ Set DT2801 outputs such lhat PET Controllcr can
\ be turned on sarely.
\OutputsllllllIIIOOOOOOO

\ [- 1
\ Prompts user 10 input values for
\ VZ and VD/VS ranges. Checks for
\ acceptable input of either 5 or
\ 10 then sets appropiate

160
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APPENDIX A

Multiple ISFET data acquisition program
File: Wordsl Page 2 of 2

BEGIN IlNPUT
IF VZ.RAN'GE : =

VZ.RANGE 5 < >
VZ.RAJ'iGE 10 < > AND

ELSE FALSE
THES

WH ILE CR.~ Invalid entry. Try again:·
10 VZ.RANGE, =

REPEAT

CR CR." VDjVS ranges: ·S to +5"
CR: ~lOto+lO"

CR ," {Default value = 5 V}"
CR ," Enter new range (5 or 10) : "
BEGIN IINPUT

IFVD/VS.RANGE,=
VD/VS.RANGE 5 < >
VD/VS.RANGE 10 < > AND

ELSE FALSE
THEN

WHILE CR." Invalid entry. Try again:"
5 VD/VS.RANGE ,=

REPEAT

\ variable when correct.

70

75

SO

S5

90

\ Set the bit for VZ.RANGE = la
\ or clear bit for VZ.RANGE = 5

\ Set the bit for VD/VS.RANGE = 5
\ or clear bit for VD/VS.RANGE = 10

\ [-] Outputs digital code to FET Control-
\ Jer to set hardware for VZ and VDIVS ranges.

(
...

, SET.DAC.RANGES
DAS.JNIT
INPUT.DAC.RANGES
PORn
64. DlOITAL.MASK
VZ.RANGE 10 =
IF 1. WRITE.BITS
ELSE O. WRlTE.BITS
THEN
12S. DlGlTAL.MASK
VD/VS.RANGE 10 =
IF O. WRITE.BITS
ELSE 1. WRITE.BlTS
THEl"

FILE.OPEN \IEFF\DATA\DACCONST.DAT
VZ.RANGE 2 • VD/VS.RANGE +
CASE

25 OF 3 SUBFILE VZDS.MlNlMUM FILE>ARRAY
4 SUBFILE VZDS.STEP FILE> ARRAy

ENDOF
30 OF 1 SUBFlLE VZDS.MINIMUM FILE>ARRAY

2 SUBFILE VZDS.STEP FILE>ARRAy
ENDOF

20 OF 5 SUBFILE VZDS.MlNlMUM FILE>ARRAY
6 SUBFILE VZDS.STEP FILE >ARRAY

ENDOF
15 OF 7 SUBFILE VZDS.MlNIMUM FILE>ARRAY

S SUBFILE VZDS.STEP FILE> ARRAy
ENDOF

ENDCASE
FILE.CLOSE

\ Calculation to determinc wbich set
\ of minimum and stepvalues to load

\ VZ = 10;VD/VS = 5

\ VZ = 10; VD/VS = 10

\ VZ = 5; VD/VS = 10

\ VZ = 5; VD/VS = 5
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Multiple \SFET data aCQuisitioD proljram
File: Words2 Palje 1 of 4

\ Entcring and setting of ail FET Controller DAC voltages.
\ (need, DECLARE. WORDS1)

: SET.ARRAY.EDIT.WINDOWS
-13 FIX.FORMAT
{IlDATA} 3181563SET.WINDOW
U]PROMPTj 18 92370 SET.WINDOW
{IISTATUS} 16116 OSET.WINDOW
{IlINSERT} 16151679 SET.WINDOW

\ 1- 1 Set custorn array editor
\ windows for voltage inputs. 5

\lI

: ARRAY.EDIT.LABELS
{ARRAY.HORIZ.LABEL}
SCREEN .CLEAR

VZ VD VS"
{ARRAY.VERTI.LABEL 1
SCREEN.CLEAR

\ (- 1 Custom arcay editar labels

15

." 0"

." 1"
20

." 3"

." 4"

." 5"

." 6"

." 7"

." 8"

." 9"

." 10"

."11"

25

30

\ Reshapes 1 dimensional
\ array to 2 D.

\ Allow for user input.
\ Reshapes 2 D array tO 1 D

\ (-] Prompt user to input VZ. VS. and
\ VD voltages.

\ Calculate digital output
\ value (cou nt)
\ Check digital values for
\ proper range.

45

60

55

50

40

35
: INPUT.VOLTAGES

INSTALL NOP IN PROMPT.XEQ
SET.ARRAy .EDIT.WINDOWS
VZDS.INPUT DIM[3. 12 J RESHAPE TRANSI 1 .2]
ARRAY.EDIT(MANUAL)
ARRAy .EDIT.LABELS
U]PROMPTI

{BORDER}
CR." Input or change voltage values,"

BEGIN
CR ," Present ranges are: VD/VS = .. 241 ASCII" "TYPE VDjVS.RANGE .

." VZ.RANGE = • 241 ASCII" "TYPE VZ.RANGE.
CR ," Note: VSO cannot be set < 0; VS3 cannot be set < -4.99"
CR." VDI. VD2. and VS9 cannot be set> 4.99"
CR.- Hit ESC when finished"
INSERT
TABLE TRANSI 1 .2 ] DIMI 36 JRESHAPE
VZDS.INPUT: =
VZDS.INPUT VZDS.MINIMUM - VZDS.STEP /
VZDS.COUNT : =
VZDS.COUNT 255 1> ) IlSUM
VZDS.COUNT 0 [ <] []SUM +
0>
VZDS.COUNT 125] 128 < OR

WHILE
CR." INPUTVOLTAGES(S) OUT OF RANGE. PLEASE CORRECT."
CR

REPEAT
DEFAULT.PROMPT

: PRINT.VOLTAGES
VZDS.COUNTVZDS.STEP· VZDS.MINIMUM +
VZDS.VALUE :=

\ (- J Display true applied volt-
\ ages and print out if desired.
\ True values are calculated based

65
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File: Words2 Page 2 of 4

INSTALL Nor IN PROMPT.XEQ \ on experimental parameters.
SET.ARRAY.EDIT.WII";DOWS
VZDS.VALUE DIMI3. 12 ] RESHAPE TRANSll .2] 70
ARRAY.EDIT(MANUAL)
ARRAY.EDIT.LABELS
{()PROMPT}

(BORDER)
." •.DATE." •.TIME 75
CR.~ These arC the aelual voltages output from the control board."
CR ,- Use SHIFT-PRTSC 10 print. aoy other key to continue

PCKEY DROP '!DROP
DEFAULT.PRoMPT

80

(:

(

: SET.DACS
136 DO

VZDS.COUNT Il]
-1 +LOOP

PORTO DIGITAL.OUT LATCH.VOO
PORTO DIGITAL.OUT LATCH.VOI
PORTO DIGITAL.OUT LATCH.V02
PORTO DIGITAL.OUT LATCH.V03
PORTO DIGITAL.OUT LATCH.VIO
PORTO D1GITAL.OUT LATCH.Vl1
PORTO DIGITAL.OUT LATCH.VI2
PORTO DIGITAL.OUT LATCH.V13
PORTO DIGITAL.OUT LATCH.V20
PORTO DIGITAL.OUT LATCH.V21
PORTO DIGITAL.OUT LATCH.V22
PORTO D1GITAL.OUT LATCH.V23
PORTO DIGITAL.OUT LATCH.V30
PORTO D1GITAL.OUT LATCH.V31
PORTO DIGITAL.OUT LATCH.V32
PORTO D1GITAL.OUT LATCH.V33
PORTO D1GITAL.OUT LATCH.V40
PORTO D1GITAL.OUT LATCH.V41
PORTO DIGITAL.OUT LATCH.V42
PORTO D1GITAL.OUT LATCH.V43
PORTO DIGlTAL.OUT LATCH.V50
PORTO D1GITAL.OUT LATCH.V51
PORTO D1GITAL.OUT LATCH.V52
PORTO D1G1TAL.OUT LATCH.V53
PORTO D1GITAL.OUT LATCH.V60
PORTO D1GITAL.OUT LATCH.V61
PORTO D1GITAL.OUT LATCH.V62
PORTO DIGITAL.OUT LATCH.V63
PORTO D1GITAL.OUT LATCH.V70
PORTO D1G1TAL.OUT LATCH.V71
PORTO D1G1TAL.OUT LATCH.V72
PORTO DIGITAL.OUT LATCH.V73
PORTO DIGlTAL.OUT LATCH.V80
PORTO D1GITAL.OUT LATCH.V81
PORTO DIGlTAL.OUT LATCH.V82
PORTO D1G1TAL.OUT LATCH.V83

: SET.VOLTAGES
INPUT.VOLTAGES
PRINT.VOLTAGES
SET.DACS

: SET.DAC
SWAP
• LATCH.V·

\ [-] Set ail FET Controller DACs
\ Loop places ail digital values on
\ stack

\ Each DIGITAL.OUT command removes the
\ propervalue Crom the stack and
\ presents il to the FEl' Controll cr.
\ The LATCH.V## triggers the appropiate
\ DAC.

\ ININ2N3-]
\ Converts N2 and N3 to single cbaracters
\ and catenales them to ferm LATCH.VXX.
\ NI is written as value to VXX.
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"CAT "CAT 32 "COMPRESS
PORTO DlGITAL.OUT "EXEC

\O<=Nl<=2.<i5
\ () < = N2 < = 8 0 < = N3 < = 3

135

: n,PUT.VOLTAGE
BEGI!'

#INPUT
IF VZDS.INPUT [ NUM 1:=

VZDS.INPUT 1NUM JVZDS.MINIMUM [NUM J .
VZDS.STEP 1NUM ] 1VZDS.COUNT 1NUM J: =
VZDS.COUNT 1NUM ] 255 >
VZDS.COUNT [NUM 1 0 < OR

ELSETRUE
THEN

WHILE CR." Invalid entry. Try again : ..
REPEAT
VZDS.COUNT [ NUM 1VZDS.STEP [ NUM 1•
VZDS.MINIMUM [NUM 1+ VZDS.VALUE [NUM 1:=

\ 1- 1Accepts input frorn keyboard for a
\ single DAC voltage then cakulatcs and
\ checks the digital value (cou nt).

140

145

150

: CHANGE.VOLTAGE
NORMAL.DlSPLAy

\ 1- l Prompts user to choosc a single
\ voltage to he changcd. wails ior the input
\ then changes the voilage.

155

lnvalid entry. Try again : "

Enter voltage for VS" NUM 25·.
between -" VD/VS.RANGE.

ISO

190

200

185

195

170

175

165

16025. VSQ"
26. VSI"
27. VS2"
2S. VS3"
29. VS4"
30. VS5"
31. VS6"
32. VS7'
33. VSS"
34. VS9"

35. VSIO"
36. VSIl"

13. VDO
14. VDI
15. VD2
16. VD3
17. VD4
IS. VD5
19. VD6
20. VD7
21. VDS
22. VD9
23. VDIO
24. VDII

CR ," Which control voltage would you Iike to chal"lge'?"
CR
CR." 1. VZO
CR." 2. VZI
CR." 3. VZ2
CR." 4. VZ3
CR." 5.VZ4
CR." 6. VZ5
CR." 7. VZ6
CR." S. VZ7
CR." 9. VZS
CR." 10. VZ9
CR." Il. VZIO
CR.- 12. VZll
CR
CR." Enter number: ..
BEGIN #INPUT

IF NUM:=
NUM 1 <
NUM36> OR

ELSETRUE
THEN

WHILE CR.
REPEAT
NUM 13 <
IF CR CR ." Enter voltage for VZ" NUM 1 - .

CR." betwcen -" VZ.RANGE. ," and +" VZ.RANGE ..": ..
INPUT.VOLTAGE
CR CR ," Actual voltage applied for VZ" NUM 1- .

.- = "VZDS.VALUE [NUM J .
CR." Press aoy key to continue."
PCKEY DROP ?DROP

ELSE NUM 25 <
IF CR CR ," Enter voltage for VD" NUM 13 -.

CR.- between·· VD/VS.RANGE .
.- and +" VDIVS.RANGE . .- : "

INPUT.VOLTAGE
CR CR ," Actual voltage applied for VD" NUM 13 - .

.- = "VZDS.VALUE [ NUM 1.
CR ," Press aoy key to continue."
PCKEY DROP ?DROP

ELSE
CRCR."
CR ."

G.~n'
'~
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f

{
\'"

." and +" VD(VS.RANGE .. • : "
INPUT.VOLTAGE
CR CR.~ Actual voltage applied for VS" NUM 25 - .

.' • "VZDS.VALUE (NUM J •
CR" Press any key to continue."
PCKEY DROP ?DROP

TIIE~

THEl'
VZDS.COUNT 1NUM J
NL'M 2 - 4.1/ FIX \ These two iines determine which DAC needs
NUM 1 - 4 MODULO \ to be latched.
SET.DAC
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\ Words required for multiple FET acquisition and temporary storage.
\ (needs DECLARE)

: DECLARE.BüFFER.TOKENS \ Dynamically sizes BUFFER.A and .R
TASK.CHNLS CLEAR.TEMPLATE.BUFFERS \ lokens according 10 MAX.BUFF.SIZE. 5
MAX.Bt:FF.SIZE 2.0 \ NUM.FETS. and SAM.POINT.
Nl!M.FETS SAM.POINT· /0.5 - POlr-.-rS: = \ Calculates points per cycle
INTEGER
DIMI POINTS. SAM.POINT •NVM.FETS] t::-1NAMED.ARRAY BECOMES > BUFFER.A
DIMI POINTS. SAM.POINT • NUM.FETS J UNNAMED.ARRAy BECOMES> BUFFER.B 10
DIMI POINTS. NVM.FETS J UNNAMED.ARRAY BECOMES> TEMP
oBVFFER.A: = \ Zero alltokens
oBVFFER.B: =
OTEMP:=
oCYCLE# := 15
Bt:FFER.A EQlilV > PRESEl'<T.ARRAy \ Sets PRESENT.ARRAy pointer.

: SET.AjD.TEMPLATE \ Set up temploie for multiple FEl' acquisition
TA5K.CHNLS \ Choose lemplale. and set gain 20
GAIN CASE

1 OF 0 A/D.GAIN END OF
2 OF 1A/D.GAIN ENDOF
4 OF 2 A/D.GAIN ENDOF
8 OF 3 A/D.GAIN ENDOF 25

ENDCASE
oNUM.FETS 1 - RE5ET.A/O,CHN'LS \ Set the number of A/D channels
SAM.POINTTEMPLATE.REPEAT \ Number of points averaged on the f1y
BVFFER.A BliFFER.B CYCLIC DOUBLE.TEMPLATE.BUFFERS
0.1 CONVERSION.DELAY \ 1 - Line 2 was inserted to maintain rc:fc:rence 30
SET.REFO SET.REFI \:2 potentials. For unknown reason, wh en lines
A(D.INIT \ 3 1 and 3 execute without 2 the DIA is 0150

\ initialized. resetting potentials to zero.

: SET.TASK.TABLE
CLEAR.TASKS
TASK.CHNLS 1TASK A/D.IN >ARRAY
TASK.PERIOD.MS TASK.PERIüD
ACQ.PERIOD TASK.PERIüD.MS / 1000 •
1 TASK.MODt:LO
PRIME.TASKS

: CREATE.TEMP.DAT
RANDOM.FILE.CREATE \JEFF\DATA\TEMP.DAT
RANDOM.OPEN TEMP.DAT
POIl'<TS NUM.FETS CATENATE
RANDOM.PVT
RANDOM.CLOSE

: STORE.TEMP.DAT
RANDOM.OPEN TEMP.DAT
?RANDOM.FILE.SIZE DROP
TEMP RANDOM.PUT
RANDOM.CLOSE

: UPDATE.FETLTOKEN
TEMP XSECT[ ! • 1 J
FETLTOKEN SVB[ INDEX. POINTS J : =

: UPDATE.FET2.TOKEN
TEMP XSECT[ ! .2]
FET2.TOKEN SUBI INDEX. POINTS J : =

166

\ Set up background muititasking parameters

\ Set task lemplale. number. & (unction
\ 50 mS between task interrupts (max=54)
\ Calculate and set number of task
\ interrupts between t8sk executions

\ Sel up file (or on the fly hard data storage.
\ Same file name is reused ~

\ data is erased on next run.
\ Store POINTS and NUM.FETS at beginning
\ of file (or recovery purpases. Other
\ parameters must be recovered by hand.

\ Store data from TEMP laken on the fly.

\ Move la end of file.
\ Write TEMP la disk

\ These words extract the massaged
\ data from TEMP and store the
\ data in the appropiate FET'.-
\ TOKEN one dimensionsi array.
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f

; UpDATE.FET3.TOKEr<
TEMp XSECTI ! ,31
FET3.TOKEN SUBI INDEX , POINTS 1; =

; l:pDATE.FET4.TOKE!'
TEMp XSECr[ ! ,41
FET4.TOKE:" WB[ Ir<DEX, POINTS); =

; l:pDATE.FET5.TOKEN
TEMp XSECTI ! ,5)
FET5.TOKE!' SUBII:"DEX , pOI!'TS 1; =

; UpDATE.FET6.TOKE!'
TEMp XSECll ! .61
FETb.TOKEr< SUBI INDEX, POINTS) ; =

; l:pDATE.FET7.TOKEr<
'l'l'MI' XSECll ! ,71
FET7.TOKE:" SUBI INDEX, POINTS 1; =

; UpDATE.FET8.TOKEr>
TEMp XSECfI ! ,8)
FET8.TOKEr< SUBI INDEX , POINTS) ; =

; UpDATE.FET9.TOKEN
TEllp XSECTI ! ,9 1
FET9.TOKEN Sl:B[ INDEX, POINTS 1; =

; UpDATE.FET'O.TOKEN
TEM!' XSECT[ •. 10 1
FETlO.TOKEN SUBI INDEX, POINTS J : =

: UpDATE.FETl LTOKE);
'l'l'Ml' XSECfI ! ,1 \ 1
l'l'Tl LTOKEN SUIlII);DEX, POINTS) : =

: UpDATE.FETJ2.TOKEN
TEMp XSECll ! , 12 J
FETI2.TOKEN SUBI INDEX, POINTS J : =

70

75

80

85

90

95

100

105

110

115

: AVERAGE.A:"D.UpDATE

POINTS 1 + 1
DO NUM.FETS 1 + 1

DO l'RESENT.ARRAy
XSECT{J , ! , 1 1
MEAN
TEMp: J,II:=

LOOp
LOOp
CYCLE# POINTS' 1 + INDEX: =

NUM.FETS
CASE

12 OF UPDATE.FETLTOKEN

167

\ Massages the raw data in the buffeT indir~

\ a'ed by PRESENT.ARRAy then calls the
\ necessary UPDATE.FET#.TOKEN words.

\ Find average value for each ~oint J of
\ FET I. Number of sampies was delcrmined
\ by SAM.POINT.

\ Sto!'c values in TEMP token

\ Calculatt position to insert data
\ into FET# .TOKEN

\ Update the necessary FET#.TûKENs
\ based on NUM.FET5.
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UPDATE.FET2.TOKE:-;
UPDATE.FET3.TOKEê':
UPDATE.FET4.TOKEI':
UPDATE.FET5.TOKEê':
UPDATE.FET6.TOKEI':
UPDATE.FET7.TOKEI':
UPDATE.FET8.TOKEI':
UPIJATE.FET9.TOKEI':
UPDATE.FETlO.TOKEI':
t:PDATE.FETll.TOKEN
UPDATE.FETl2.TOKEI':

EI':DOF
li OF UPDATE.FETl.TOKEN

UPDATE.FET2.TOKEI'
UPDATE.FET3.TOKEN
UPDATE.FET4.TOKEI'
t:PDATE.FET5.TOKEN
UPDATE.FET6.TOKEI':
UPDATE.FET7.TOKEI'
UPDATE.FET8.TOKEI':
UPDATE.FET9.TOKEN
UPDATE.FETIO.TOKEI':
UPDATE.FETll.TOKEN

ENDOF
10 OF UPDATE.FETl.TOKEN

UPDATE.FET2.TOKEI':
UPDATE.FEn.TOKEN
UPDATE.FET4.TOKEI':
UPDATE.FET5.TOKEN
UPDATE.FET6.TOKEI':
UPDATE.FET7.TOKEN
UPDATE.FET8.TOKEI'
UPDATE.FET9.TOKEN
UPDATE.FETlO.TOKEI':

ENDOF
9 OF UPDATE.FETl.TOKEN

UPDATE.FET2.TOKEN
UPDATE.FET3.TOKEN
UPDATE.FET4.TOKEI':
UPDATE.FET5.TOKEN
UPDATE.FET6.TOKEI'
UPDATE.FET7.TOKEN
UPDATE.FET8.TOKEN
UPDATE.FET9.TOKEI'

ENDOF
8 OF UPDATE.FETl.TOKEN

UPDATE.FET2.TOKEN
UPDATE.F".T3.TOKEI'
UPDATE.F':T4.TOKEN
UPDATE.FET5.TOKEI'
UPDATE.FET6.TOKEI':
UPDATE.FET7.TOKEI'
UPDATE.FET8.TOKEN

ENDOF
7 OF UPDATE.FETl.TOKEN

UPDATE.FET2.TOKEN
UPDATE.FET3.TOKEN
UPDATE.FET4.TOKEN
UPDATE.FET5.TOKEN
UPDATE.FET6.TOKEN
UPDATE.FET7.TOKEN

ENDOF
6 OF UPDATE.FETl.TOKEN

UPDATE.FET2.TOKEN
UPDATE.FET3.TOKEN
UPDATE.FET4.TOKEN
UPDATE.FET5.TOKEN

APPENDIX -1

Multiple ISFET data acquisition pr0t:ram
File: Words3 Pat:e 3 of 4

\ (note: Although this rnetbod giVC5
\ hulky code, il is much (l1ster
\ lhan neSled if's or Joops.)
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205

215

210

("

UPDATE.FET6.TOKEK
END OF

5 OF UPDATE.FETl.TOKEN
UPDATE.FET2.TOKEK
UPDATE.FET3.TOKEN
UPDATE.FET4.TOKEK
UPDATE.FET5.TOKEN

ENDOF
4 OF UPDATE.FETJ.TOKEK

UPDATE.FET2.TOKEK
UPDATE.FET3.TOKEN
UPDATE.FET4.TOKEK

ENDOf
3 OF UPDATE.FETJ.TOKEN

UPDATE.FET2.TOKEK
UPDATE.FET3.TOKEN

ENDOF
2 OF UPDATE.FETJ.TOKEN

UPDATE.FET2.TOKEN
ENDOF

1 OF UPDATE.FETJ.TOKEN
ENDOF

ENDCASE
CYCLE" 1 + CYCLE# : =

: CHANGE.BUFFER
oPRESENT.ARRAY: =
?BUFFER.A/B
IF BUFFER.B EQUIV > PRESENT.ARRAY
ELSE BUFFER.A EQUIV > PRESENT.ARRA Y
THEN

\ Increment CYCLE#

\ Zero old buffer token
\ Set PRESENT.ARRAY pointer to
\ the buffer presently being
\ fulled.

220

225

230

235
\ Reslore system upon termination of
\ multiple FET acquisition.

\ Test if FET#.TOKEN would have enough
\ room for last data set,
\ then store data if possible.

f

: CLEAN.UP
STOP.TASKS
DECIMAL
CR CR CR CR.~ Cleaning up."
CYCLE# POINTS" POINTS +
MAX.BUFF.SIZE 2 /
< JF

A VERAGEAND.UPDATE
STORE.TEMP.DAT

THEK
CR CYCLE# POINTS· .."points acquired for each or" NUM.FETS. ," FETs."
OS BECOMES > PRESENT.ARRAY
DEFAULT.PROMPT

: ZERO.FET.TOKENS
NI!M.FETS 1 + 1
DO 0

"FET"I"." 'CAT" .TOKEN" "CAl' 32 "COMPRESS "EXEC
:=

LOOP
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\ Graphicswords for multiple FEl' acquisition display.
\ (nccds DECLARE, WORDS3)

: SET.VUPORTS \ Sctup graphies displtly wÎth text
INSTALL NOP IN PROMPT.XEQ \ window
GRAPHleS.DISPLAY
{GRAPHleS.PROMPT} SCREEl'.Cl.EAR {BORDER}
VUPORT.MAIl' VUPORT.Cl.EAR
o 0 AXIS.ORIO \ Graph paramcters
1 1 AXIS.SIZE 10

\ Sctup individual graph windows for
\ cach FET

: SET.Mt:LTIPl.E.GRAPHS.SCREEl'
NORMAI..COORDS
o 0 AXIS.POI:\T
1 4 AXIS.DIVISIONS
o 0 TICK.JUST
0.02 TICK.SIZE
HORIZONTAL

AXIS.FIT.OFF
oPOINTS WoRl.D.SET
NO.l.ABEl.S
AXIS.OFF

VERTICAl.
AXIS.nLOFF
04095 WORl.D.5ET
NO.I.ABELS

NUM.FETS 1 + 1
DO "Vt:PORT.FET"I"." "CAT 32 "COMPRESS "EXEC

SOl.lD OUTLINE
NORMAI..COORDS
-12 FIX.FORMAT
0.050.1 POSITIO", -10.0 GAIN (",' LABEL
0.050.9 POSITION +10.0 GAI", ("." LABEl.
0.850.9 POSITION 1",' LMlEl.
0.85 1 POSITION
0.850.8 DR,\W.TO
1 0.8DRAW.TO
XY.AXIS.PLOT
"PIX.Bt:FF." 1",' "CAT 32 "COMPRESS

"EXEC LlNE.BUFFER.ON
DOTIBD

LODP

\ Sets vuporl.

\ Label graphs

\ Draw axes
\ Thesc two lincs enatde pixel
\ buffering for fast crasing.

1.'

20

25

30

35

40

45
: REFRESH.FET1.PLOT

VUPORT.FETI
PRESE!o:T.ARRAy XSECT[ ! , l , 1 1
ERASE.LlNES
Y.DATA.PLOT

: REFRESH.cET2.PLOT
VUPORT.FET2
PRESENTARRAY XSECTI ! •1 .2)
ERASE.LlNES
Y.DATA.PLOT

: REFRESH.FET3.PLOT
VUPORT.FET3
PRESENT.ARRAy XSECT[ ! , l ,3 J
ERASE.LINES
Y.DATA.PLOT

: REFRESH.FET4.PLOT
VUPORT.FET4
PRESENTARRAy XSECTI ! , l ,4 J
ERASE.LINES

\ These words crase the previous
\ plot. then replat old and
\ new data for cach individual
\ vuport (graph).
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Y.llATA.PLUT

: REFRESH.FET5.PLUT
VUPURT.FET5
PRESENT.ARRAy XSECTI ! • 1 .5 J
ERASE.L1NES
Y.DATA.PLUT

: REFRESH.FET6.PLOT
VUPURT.FElo
PRESE1'T.ARRAY XSECT[!.I. (, J
ERASE.UNl'S
Y.DATA.PLOT

: REFRESlI.FET7.PLUT
VUPURT.FET7
PRESE1'T.ARRA y XSECTI ! • 1 .7 J
ERASE.UNES
Y.DATA.PLOT

: REJ'RESH.FET8.PLOT
VUPURT.FET8
PRESE1'T.ARRAY XSECTI ! • 1 .8 J
ERASE.UNES
Y.DATA.PLOT

: REFRESH.FET9.PLOT
VUPURT.FET9
PRESENT.ARRAY XSECT[ ! • 1 .9 J
ERASE.UNES
Y.DATA.PLOT

: REFRESII.FETIO.PLUT
VUPURT.FETIO
PRESENT.ARRAY XSECTI! .1.10 1
ERASE.UNES
Y.DATh.PLOT

: REFRESH.FETll.PLOT
VJ rpORT.fETll
PKESENT.ARRAy XSECTI !. 1 • II 1
ERASE.UNES
Y.DATA.PLOT

: REFRESH.FETl2.PLOT
VUPURT.FETI2
PRESE1'T.ARRAy XSECTI ! • 1 • 12 J
ERASE.UNES
Y.DATA.PLUT

APPENPIX A

Multiple ISFET data acquisition program
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: REFRESH.MULTIPLE.PLOTS
NUM.FETS
CASE

12 OF REFRESH.FETI.P! 0'1'
REFRESH.FET2.PLOT
REFRESH.FET3.PLOT
REFRESH.FDT4.PLüT
REFRESH.FET5.PLOT
REFRESH.FET6.PLOT
REFRESH.FET7.PLOT
REFRESH.FET8.PLOT
REFRESH.FET9.PLOT
REFRESH.FETIO.PLOT
REFRESH.FETII.PLOT
REFRESH.FETl2.PLOT

ENDOF

\ Updates the necessary graphs based
\ 00 NUM.FETS.
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11 OF REFRESH.FET1.PLOT
REFRESH.FET2.PLOT
REFRESH.FET3.PLOT
REFRESH.FET4.PLOT
REFRESH.FET5.PLOT
REFRESH.FET6.PLOT
REFRESII.FET7.PLOT
REFRESH.FETB.PLOT
REFRESH.FET9.PLOT
REFRESH.FET10.PLOT
REFRESH.FETlI.PLOT

ENDOF
10 OF REFRESH.FET1.PLOT

REFRESH.FETZ.PLOT
REFRESH.FET3.PLOT
REFRESH.FET4.PLOT
REFRESH.FET5.PLOT
REFRESH.FET6.PLOT
REFRESH.FET7.PLOT
REFRESH.FET8.PLOT
REFRESH.FET9.PLOT
REFRESH.FETlO.PLOT

ENnüF
9 OF REFRESH.FET1.PLOT

REFRESH.FETZ.PLOT
REFRESH.FET3.PLOT
REFRESH.FET4.PLOT
REFRESH.FET5.PLOT
REFRESH.FET6.PLOT
REFRESH.FET7.PLOT
REFRESH.FET8.PLOT
REFRESH.FET9.PLOT

ENnüF
8 OF REFRESH.FET1.PLOT

REFRESH.FETZ.PLOT
REFRESH.FET3.PLOT
REFRESH.FET4.PLOT
REFRESH.FET5.PLOT
REFRESH.FET6.PLOT
REFRESH.FET7.PLOT
REFRESH.FET8.PLOT

ENDOF
7 OF REFRESH.FETI.PLOT

REFRESH.FETZ.PLOT
REFRESH.FET3.PLOT
REFRESH.FET4.PLOT
REFRE5H.FET5.PLOT
REFRE5H.FET6.PLOT
REFRE5H.FET7.PLOT

ENDOF
6 OF REFRESH.FET1.PLOT

REFRE5H.FET2.PLOT
REFRESH.FET3.PLOT
REFRE5H.FET4.PLOT
REFRE5H.FET5.PLOT
REFRESH.FET6.PLOT

ENDOF
5 OF REFRE5H.FETl.PLOT

REFRE5H.FET2.PLOT
REFRESH.FET3.PLOT
REFRESH.FET4.PLOT
REFRESH.FET5.PLOT

END01'
4 OF REFRE5H.FET1.PLOT

REFRE5H.FET2.PLOT
REFRE5H.FET3.PLOT
REFRESH.FET4.PLOT
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ENDOF
3 OF REFRESII.FETI.PLOT

REFRESII.I'ET2.PLOT
RI'FRESII.FET3.PLOT

ENDOF
2 OF REFRESlI.FETI.PLOT

REFRESH.FET2.PLOT
ENDOF

1 01' REFRESlI.FETI.PLOT
ENDOF

ENDCASE

APPENDIXA

Multiple ISFET data acquisition pragram
Fj1e: Wards4 Page 4 of 4
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Multiple ISFET data acquisition program
File: Words5 Page 1 of 2

\ Permanent data storage and retrieval for multiple FET data acquisition.
\ (needs DECLARE: NUM.FETS CYCLE# and POIXTS must he properly set)

: ?YES
"I:"PUT 1 "LEIT
"Y""=

, 1- j ( - "tif")
\ Returns truc: to syrnbol stark if CAPITAL Y
\ is inputted

5

: '!FILE.EXISTS
"DATA.FILE DEFER> FILE.SIZES
0<>
IF l'RUE
ELSE FALSE
THE:"
DROP

, I-I(-"I/f")
\ Returns truc 10 symbol stark if a file
\ exists with filenamc.

\ DROP extra argue ment returned by FIlE.Sf.l.ES

10

15

20

\ Sets up file templatc of minimum sile
\ for the data set availahlc.
\ Check for uncloscd rile.?FILE.OPEN

IF FlLE. CLOSE
THE:"
FILE.TEMPLATE

6COMMENTS
I:--'TEGER DlMI5 J SUBFILE 'NLM.FETS, CYCLE#, POI:"TS, SAM. POINT, GAIN
REAL DIMI 3 J SUBFILE 'ACQ.PERIOD, CONVERSION. DELAY, TASK.PERIOD
REAL DlMI36j SUBFILE 'VZDS.VALUE's 25
INTEGER DlMI CYCLE# POIN'TS" J SUBFILE 'FET#.TOKEN data
NUM.FETS TIMES

END

: MLLTIPLE.FET.FILE.TEMPLATE

..

: MULTIPLE.FET.STORE
"DATA.FILE DEFER > FlLE.OPEN
"DATE" ""CAl' "TIME "CAl' 1 >COMMENT
CR CR. ~ Enter file commc:nts. ( total of Sr
CR." First comment should inc1ude tille. book#. and page#."
72DO

CR 1 1 - .. " • " "INPUT
1 >COMMEI\'T

LOOP
CR CR ," Data beingsaved in" "DATA.FILE "TYPE
NUM.FETS CYCLE# CATL"ATE POINTS CATENATE SAM.POINT CATENATE GAIN CATENATE
1 SUBFILE ARRAY >FILE
ACQ.PERIOD ?CONVERS;0N.DELAY CATENATE TASK.PERIOD.MS CATENATE
2 SUBFILE ARRAy> FILE
VZDS.VALUE
3 SUBFILE ARRAy> FILE
NlJM.FETS 1 + 1
DO • FET" 1"." "CAl'" .TOKEN" "CAl' 32 "COMPRESS "EXEC

SUBI J , POINTS CYCLE# " )
1 3 + SUBFILE ARRAy> FILE

LOOP
FILE.CLOSE

30

35

40

45

50

, 1- J

\ Prompt user for filename.

\ Create file then doublecheck with user

\ Returns true ta symbol stack if filename
\ does not exist or if operator wÎsbes ta
\ delete old file.

65

55

60

: MULTIPLE.FE'LFILE.CREATE
BEGIN

CR." Enterfilename:"
"INPUT DEFER> DATA.FILE
1FILE.EXISTS \ Check if rilename is already in use.
IF CR." File already exists. Type 'Y' to erase old file ~"

?YES
IF l'RUE
ELSEFALSE
THEN

ELSETRUE
THEN

UNTIL
"DATA.FILE DEFER> FILE.CREATE
CR CR." File will be saved as ~ Il "DATA.FILE "TYPE

....,......
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Multiple ISFET data acquisition program
File: Words5 Page 2 of 2

CR ," Type 'Y- if correct -"
?YES
IF MUI:r:pI.E.FET.STORE

cn ." File saved."
ELSi:

"DATA.FILE DEFER> DELETE
MYSEI.F

Til EN

70

\ Erase file and stan over if filename
\ iswrong.

75

\ 1-] Crea tes a file according to
\ user input and data specirications.

\ Error 552 - altempted to create 5ub
\ file with dimension = O.

: SAVE.MULTIPLE.DATA
SCREEN.CLEAR
MUl.TIPl.E.FET.FILE.TEMPLATE
MULTlPLE.FET.FILE.CREATE
ONERR:

?ERROR# 552 =
IF

CR ," Appears to be no data to save."
CR ," Please check if NUM.FETS, CYCLE#. and POINTS are correct."

ELSE ?ERROR# ERROR
THEN

CRCR

BO

B5

90

95

125

115

130

110

120

105

100

\ Retrieve and reset real parameters

\ Opens file and prints out comments

\ Retrieve and reset integer parameters

\ (note: This is a word. not a variable)

\ Prompt user for filename.

\ [-] Transfer data from a disk file to
\ existing FET#.TOKENs.
\ Check for unclosed file.

\ Check if file exists.

?FILE.OPEN
IF FILE.CLOSE
THEN
SCREEN.CLEAR
BEGIN

CR CR." Enterfilename for retrieval:"
"INPUT DEFER> DATA.FILE
?FIl.E.EXISTS
IF TRUE
ELSE CR "DATA.FILE "TYPE ," -- File cannot be round,"

FAl.SE
THEN

Ur-."TIL
CR CR." Comments from" "DATA.F!l.E "TYPE
"DATA.FILE DEFER> ?COMMENTS
," Retrieving data from" "DATA.FILE "'l'YPE
1 SUBFILE

FILE> UNNAMED.ARRAy
DUP DUP DUP DUP
Il J NUM.FETS: =
12] CYCLE# : =
13 ] POINTS: =
14 J SAM.POINT : =
151 GAIN:=

2 SUBFILE
FILE> UNNAMED.ARRAy
DUPDUP
III ACQ.PERIOD : =
12 J CONVERSION.DELAY
13 ]TASK.PERIOD.MS:=

3 SUBFILE
VZDS.VALUE FILE >ARRAY

NUM.FETS 1 + 1
DO "l'ET" 1"." "CAT" .TOKEN" "CAT 32 "COMPRESS "EXEC

SUBI 1 • POINTS CYCLE# • J
13 + SUBFILE FILE>ARRAY

LOOP
FILE.CLOSE
CR ." Data retrieval finished."
CRCR

: RETRIEVE.MULTIPLE.DATA
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Multiple ISFET data acquisition prQgram
Fiie: Programl Page lof 2

\ High !cvel words wbich run FET Controll cr expcrimenlS.
\ (needs DECLARE. WORDSO. WORDSI. WORDS2. WORDS3. WORDS4. WORDS5)

: TUR~.O!\ \ Turns on FET Controller with zero settings
SCREEN.CLEAR
INITIAL.SET
SET.DAC.RANGES
CR CR. M FETs should be disconnected from FET Contraller,"
CR ," Turn on FET Contraller, then press ENTER."
"INPl:T "DROP
ZERO.DACS
CRCR
," Ali applied potentials are DOW set to 0 V." CR
." Please connect FET chips."

: SETU P.FETS
NORMAL.D!SPLAY SCREEN.CLEAR
SET.DAC.RANGES CR
SET.REFERENCES
CR CR." Enter number of FETs to be monitored {12} : "

BEGIN #INPUT
IF NUM.FETS: =

NUM.FETS 1 <
NUM.FETS 12 > OR

ELSEFALSE
THEN

WHILE CR ," Invalid entry. Try again:"
12 NUM.FETS : =

REPEAT
CR CR." Enter number of samples to be averaged peT point {8} :"

BEGIN # INPUT
IF SAM.POINT: =

SAM.POINT 1 <
SAM.POINT 100 > OR

ELSE FALSE
THEl"

WHILE CR ," Invalid entry. Try again:"
8 SAM.POINT : =

REPEAT
CR CR." Enter acquisition period in seconds {l} :"

BEGIN #INPUT
IF ACQ.PERIOD :=

ACQ.PERIOD 0.20 <
ACQ.PERIOD 60.0 > OR

ELSE FALSE
THEN

WHILE CR." Invalid entry. Try again:"
1 ACQ.PERIOD : =

REPEAT
CR CR ." Enter gain {l) : "

BEGIN #INPUT
IF GAIN :=

GAIN 1 < >
GAIN 2 < > AND
GAIN 4 < > AND
GAIN 8 < > AND

ELSEFALSE
THEN

WHILE CR." Invatid entry. Try again:"
1 GAIN:=

REPEAT
SET.VOLTAGES

: RUN.FETS
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Multiple ISFET data acquisition program
File: Program 1 Page 2 of 2

<:

(

SET.VUPORTS
CR ," Selling up·
ZERO.FET.TOKENS
DECLARE.BUFFER.TOKENS
CREATE.TEMP.DAT
SET.MllLTlPLE.GRAPHS.SCREEN
SET.A/D.TEMPLATE
SET.TASK.TABl.E
TRIGGER.TASKS
CR CR CR CR ," Acquiring data. Press SHlfT Fl to stop·
BEGIN

?UllFFER.SWITCH
IF CR CR CR CR: Massaging data"

AVERAGE.AND.UPDATE
CR ," Sloring data"
STORE.TEMP.DAT
CHANGE.BUFFER
CR CR CR ," Acquiring data. Press SHIFT FI to stop"
CR ," Last point stored:" CYCLE# POINTS· .

. ' (Max =' MAX.BUFF.SIZE 21 ..")"
ELSE

REFRESH.MULTIPLE.PLOTS
THEN
7KEY IF

PCKEY 84 = AND \ Gives TRVE when SHIFT FI Îs pressed
ELSE FALSE
TH EN

UNTIL
CLEAN.UP
ONERR:

CLEAN.UP
7ERRORiI' 169 =
IF CR," Data acquisition terminaled after tokens were full."
ELSE

NORMAL.D1SPLAy
DEF.VUPORT
7ERRORiI' ERROR

THEN

:GO
SETUP.FETS
RUN.FETS

177
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Multiple ISFET analysis prollram
Fiie: Dec]are3 Palle 1 of 2

INTEGER DIM(36 ) ARRAY VZDS.COUNT
128 VZDS.COUNT: =

\ Integer value output to FEl' Control
\ ler(010255)

REAL DIMI 36 JARRAY VZDS.INPUT
oVZDS'\NPUT :=

DIM(36 ] ARRAY VZDS.VALUE
OVZDS.VALUE :=

DIM[ 36) ARRAY VZDS.MII'IMUM
DIM(36] ARRAY VZDS.STEP

FILE.OPEI' \JEFF\DATA\DACCONST.DAT
3 SUBFILE VZDS.MINIMUM FILE> ARRAy
4 SUBFILE VZDS.STEP FILE >ARRAY
FILE.CLOSE

\ User input

\ Actual vOltage applicd by FEl' Con
\ troller

\ Expcrimentally determined parametcrs
10

\ Fill minimum and Slcp arrays with
\ with default values for VZ = 10
\ and VDjVS = 5

15

INTEGER SCALAR NUM 0 NUM : =
SCALAR GAIN 1 GAIN: =
SCALAR VZ.RANGE 10 VZ,RANGE : =
SCALAR VDjVS.RANGE 5 VDjVS.RANGE :=

25

30

20

o CYCLE#:=

o INDEX:=

85 POlI'TS: =SCALAR POII'TS

SCALAR CYCLE#

SCALAR INDEX

\ M~!,.tipurposc input variahle
\ Hardware A/D gain
\ Zeroingvoltage range
\ Drain and source volt
\ agerange(SorlO)

SCALAR MAX.BUFF.SIZE 16384 MAX.BUFF.SIZE: = \ Sbould be a power or 2
SCALAR NUM.FETS 12 NUM.FETS: = \ Number or FETs
SCALAR SAM.PûIl'oTT 8 SAM.POINT: = \ Number of samples ave

\ raged pet point
\ Number of points taken
\ peT FET peT buffeT
\ cycle
\ COURt of number of
\ data buffeT cycles
\ Used to access pro-
\ peT FET#,TOKEN position

SCALAR REFO 0 REFO: =
SCALAR REFI 0 REFI :=
SCALAR ACQ.PERIOD 1 ACQ.PERIOD: =

35

40

o CONV.FACT:= \ General use conversion
\ factor
\ Reference 0 voltage
\ Reference 1 voltage
\ A~quisition period in
\ seconds (0.20 to 60)

SCALAR TASK.PERIOD.MS 50 TASK.PERIOD.MS: = \ Period in mS between
\ task interrupts «55)

SCALAR ?CONVERSION.DELAY 0.1 ?CONVERSION.DELAY: =

REAL SCALAR CONV.FACT

: CONVERSION.DELAY
?CONVERSION.DELAY: = 45

117163 WINDOW {ARRAY.HORIZ.LABEL}
1141415 WINDOW {ARRAY.VERTI.LABEL}
20 12378 WINDOW {GRAPHICS.PROMPT}

186205201200188187 BORDER.CHARS

\ Custom array editor ;vindows

\ Multiple FET acquisition text
\ window
\ Text window border

50

\ The following FET#.TOKENS will each occupy 16K page in expanded memory.
\ Witb default MAX.BUFF.SIZE = 16K these tokens will hold 8K of data points.
TOKEN FETI.TOKEN EXP.MEM> FETI.TOKEN

INTEGER DIM[ MAX.BUFF.SIZE 2 j J UNNAMED.ARRAy BECOMES > FETI.TOKF.~'

oFETl.TOKEN : =
TOKEN FET2.TOKEN EXP.MEM> FET2,TOKEN

1l\'TEGER DIM[ MAX.BUFF.SIZE 2 j J UNNAMEDARRAy BECOMES > FET2.TOKEN
oFET2.TOKEN: =

TOKEN FET3.TOKEN EXP.MEM> FET3.TOKEN
INTEGER DIM[ MAX.BUFF.SIZE 2 j JUNNAMED.ARRAy BECOMES> FET3.TOKEN
oFET3.TOKEN :=

TOKEN FET4.TOKEN EXP.MEM> FET4.TOKEN
INTEGER DIM[ MAX.BUFF.SIZE 2 j] UNNAMEDARRAY BECOMES> FET4.TOKEI'
oFET4.TOKEN: =

55
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Multiple ISFET analysis pro..gam
File: Declare3 Page 2 of 2

TOKEN FET5.TOKEN EXP.MEM> FET5.TOKEI'
INTEGER DIM[ MAX.BUFF.SIZE 2 / J UNNAMED.ARRAy BECOMES> FET5.TOKEN
oFET5.TOKEN : =

TOKEN FET6.TOKEN EXP.MEM> FET6.TOKEN
INTEGER DIM[ MAX.BUFF.SIZE 2 / J UNNAMED.ARRAy BECOMES > FET6.TOKEN
oFET6.TOKEN : =

TOKEN FET7.TOKEN EXP.MEM> FET7.TOKEN
INTEGER DIM( MAX.BUFF.SIZE 2 /] UNNAMED.ARRAy BECOMES> FET7.TOKEN
oFET7.TOKEN: =

ToKEN FETS.TOKEN EXP.MEM> FETS.TOKEN
INTEGER DIM[ MAX.BUFF.SIZE 2 / J UNNA\lED.ARRAy BECOMES > FETS.TOKEN
oFETS.TOKEN : =

TOKEI' FET9.TOKEN EXP.MEM> FET9.TOKEN
INTEGER DIM( MAX.BUFF.SIZE 2 / J UNNAMED.ARRAy BECOMES> FET9.TOKEN
oFET9.TOKEN: =

TOKEI' FETlO.TOKEN EXP.MEM> FETlO.TOKEN
INTEGER DIM( MAX.BUFF.SIZE 2 /] UNNAMED.ARRAy BECOMES> FETlO.TOKEN
oFETlO.TOKEN: =

TOKEN FETlI.TOKEN EXP.MEM> FETlI.TOKEN
INTEGER DIM[ MAX.BUFF.SIZE 2 / J UNNAMED.ARRAy BECOMES> FETI I.TOKEN
oFETI I.TOKEN :=

ToKEN FETl2.TOKEN EXP.MEM> FETl2.TOKEN
INTEGER DIM( MAX.BUFF.SIZE 2 / J UNNAMED.ARRAy BECOMES> FETl2.TOKEN
oFETl2.TOKEN: =

70

75

SO

S5

90

TOKEN PLOT.ARRAy

VUPORT VUPORT.MAII'
0.0 0.25 VUPORT.ORIG
1.0 0.75 VUPORT.SIZE
DEF.VUPORT

\ Token to be EQUIV > to data to be plolted

\ Single graphicswindow to be used with the
\ {GRAPHICS.PROMPT} lexl window

\ Reset to derault vu port.
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A PfENDIXA

Multiple ISFET analysis prograrn
File: Words5 (2 pages)

Please see previous listing of Words5 in the Multiple ISFET
data acquisition prograrn.
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Multiple ISFET analysis program
File: Words8 Page 1 of 2

\ Words for plotling lind analysis of mulliple FET data.
\ (necds DECLARE3. and data)
\ Also needs overlay WAVEOPS.SQV (permenantly loadcd in ANAL YZE)

: SET.ANALYSIS.GRAPH \ Sctup graphies display
INSTALL NOP IN PROMPT-XEQ
GRAPHICS.DlSPLAY
{GRAPHICS.PROMPT} SCREEN.CLEAR {BORDER}
VUPORT.MAIN VUPORT.CLEAR
OUTLINE
AXIS.DEFAULTS .
0.10.1 AXIS.ORIG
0.85 0.85 AXIS.SIZE
NORMAL.COORDS
0.10.1 AXIS.PO!J'o.'T
44 AXIS.DIVISIONS
0.020.01 TICK.SIZE
HORIZONTAL \ Fit X and Y scales 10 dats

AXIS.FIT.OFF
oCYCLE# POINTS' WORLD.SET
NO.LABELS
GRID.OFF

VERTICAL
AXIS.FIT.OFF
PLOT.ARRAY []MIN/MAX
CONV.FACT / 0.051 +
CONV.FACT· SWAP
CONV.FACT / 0.051
CONV.FACT·
SWAP WORLD.SET
NO.LABELS
GRID.OFF

XY.AXIS.PLOT

: LABEL.GRAPH
NORMAL.COORDS
5 2 FIX.FORMAT
0.030.95 POSITION AYMAX CONV.FACT / -10.0 GAIN / + "." LABEL
0.030.1 POSITION AYMIN CONV.FACT / -10.0 GAIN / + "." LABEL
40 FIX.FORMAT
0.5 0.05 POSITION AXMAX 2 / 60 / ACQ.PERIOD • "." LABEL
0.9 0.05 POSITION AXMAX 60 / ACQ.PERIOD· ",' LABEL
0.9 0.15 POSITION" Minutes" LABEL
270 LABEL.DlR
0.0260.65 POSITION" Volts" LABEL
OLABEL.DlR
-14 FIX.FORMAT
WORLD.COORDS

5

10
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20
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: PLOT \ Requires a FET#.TOKEN on stack
409520.0 GAIN / / CONY.FACT: =
SUBI!. CYCLE# POIJ'o.'TS· 1EQUIV > PLOT.ARRAy
0.05 SET.CUTOFF.FREQ 55
PLûT.ARRAy 50S + SMOOTH \ Produces an smoothed array. offset Crom original
SET.ANALYSIS.GRAPH
LABEL.GRAPH
PLOT.ARRAy Y.DATA.PLOT \ Plot data
Y.DATA.PLOT \ Plot smoothed dats 60
DEFAULT.PROMPT

: SET.ANALYSIS.GRAPH.HP
HP7470
PLOTTER.DEFAULTS
7.810.15 PLOTTER.SIZE

\ Exactly the sarne as above except thst the data
\ Îs ploued on HP piotter
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Multiple ISFET analysis prOgram
File: Words8 Page 2 of 2

( .
~

"--

(

0.02 0.06 CHAR.SIZE
lOSLANT
AXIS.DEFAULTS
0.10.1 AXIS.ORIG
0.85 0.85 AXIS.SIZE
NORMAL.COORDS
0.10.1 AXIS.POII\'T
44 AXIS.DIVISIONS
0.02 0.01 TICK.SIZE
HORIZONTAL

AXIS.FIT.OFF
a CYCLE" POINTS' WORLD.SET
NO.LABELS
GRID.OFf

VERTICAL
AXIS.FIT.OFF
PLOT.ARRAY []MIN/MAX
CONV.FilCT 10.051 +
CONV.FACT· SWAP
CONV.FACT 10.051 
CONV.FACT'
SWAPWORLD.SET
NO.LABELS
GRID.OFF

'VS 0," GRAPH.CoMMAND
XY.AXIS.PLOT
"VS," GRAPH.COMMAND

, LABEL.GRAPH.HP
NORMilL.COORDS
41 FIX.FoRMAT
"VS 0," GRAPH.COMMAND
0.üI8 0.94 POSITION AYMAX CONV.FACT 1-10.0 GAIN 1 + "." LABEL
0.018 0.1 POSITION AYMIN CONV.FACT 1-10.0 GAIN 1 + "." LABEL
4 aFIX.FORMAT
0.5 0.05 POSITION AXMAX 2/60 1ACQ.PERIOD' "." LABEL
0.9 0.05 POSITION AXMAX 60 1ACQ.PERIOD' "." LABEL
0.85 0.15 POSITION" Minutes" LABEL
90 LilBEL.D1R
0.03 0.45 POSITION" Volts" LABEL
"VS," GRAPH.COMMAND
aLABEL.DIR
-14 FIX.FORMAT
WORLD.COORDS

: HARD.PLOT \ Requires a FET#.TOKEN on stack
409520.0 GAIN Il CONV.FACT ,=
SUBI l ,CYCLE" POINTS '1 EQUIV> PLOT.ARRAY
0.05 SET.CUTOFF.FREQ
PLOT.ARRAY 50S + SMOOTH
SET.ANALYSIS.GRAPH.HP
LABEL.GRAPH.HP
2COLOR
PLOT.ARRAY Y.DATA.PLOT
1 COLOR
Y.DATA.PLOT
." Enter graph tille: ""INPUT
"VS 0," GRAPH.COMMAND
NORMAL.COORDS
0.5 0.94 POSITION CENTERED.LABEL
"VS," GRAPH.COMMAND
DEFilULT.PROMPT
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APPENDIX A

Test FET acquisition program
File: DeclareZ Page 1 of 1

DT2800

II DjA.TEMPLATE DAC1

4 DlGlTAL.TEMPLATE PORTO
5 DlGlTAL.TEMPLATE PORTI
6 DIGlTAL.TEMPLATE WORD
1212 AjD.TEMPLATE TEST.CHl'L

0.1 CONVERSION.DELAY

DAS.lNIT

\ Data Translation hOllrd DT2801

\ DACl to he used for referencc
\ electrode control

\ Digital templates will he used for con
\ trol of PET Controllcr operatation.

\ Used for test circuit data acquisition

\ DT2801 parameter (0.073 to 163.8 mS)

5

10

15
I~TEGER SCALAR NUM 0 NUM : =

SCALAR VZ.RANGE 10 VZ.RANGE : =
SCALAR VDjVS.RANGE 5 VDjVS.RANGE: =

SCALAR ACQ.PERIOD 100 ACQ.PERIOD: =

SCALAR LIMIT
SCALAR POINTS

SCALAR GAIN
SCALARVD#
SCALARVG#

TOKE~DRO.COU1'iT
TOKEN REFI.CO\;NT
TOKE~DRO.VALUE
TOKEN REFI.VALUE

6 LIMIT: =
60 POINTS:=

2 GAIN:=
7VD# :=
4 VG#:=

\ Multipurpose input variable
\ Zeroingvoltage range
\ Drain and SOUTce volt-
\ age racge (5 or la)
\ Acquisition period in mS
\ Minimum value testcd is 100
\ Acquisition lime limit-Sec
\ Number of points peT VD-Va
\ setting
\ Hardware A/O voltage gain
\ Number of VD values to lest
\ Number of va values to test

20

25

30

Il'TEGER DlM( VD# ] UNNAMED.ARRAy BECOMES> DRO.COUNT
DlM( VO# J UNNAMED.ARRAy BECOMES> REFI.COUl'T

REAL DlM( VD# J UNNAMED.ARRAy BECOMES > DRO.VALUE
DlM( VO# JUNNAMED.ARRAy BECOMES> REFI.VALUE

35

DRO.COUNT@[ 1 J
ENTER(128. 141 .153.179.204.229.255]

DRO.VALUE@[ 1 J
ENTERI 0.004.0.516.0.989.2.014.3.000.3.985.5.0101

REFI.COUNT@(11
El'TER( 2048 • 2253 • 2458 • 2662 J

REFI.VALUE@(I]
ENTER( 0.003 • 1.006 • 2.008 • 3.005 1

STACK.CLEAR

186205 201 200 188 187 BORDER.CHARS
20 12378 WINDOW {GRAPHICS.PROMPT)

\ Vd voltage counls and actual values

\ Vg voilage counls and aclual values

\ Texl window border
\ Multiple FET acquisition telel
\ window

40

45

50

TOKENTEST.DATA EXP.MEM> TEST.DATA
TOKEl' RAW.TEST.DATA EXP.MEM> RAW.TEST.DATA 55

VUPORT VUPORT.MAIN
0.0 0.25 VUPORT.ORIG
1.0 0.75 VUPORT.SIZE

REAL DIM(2048] ARRAY PIX.BUFF

\ Single graphies window ta be used with the
\ {GRAPHICS.PROMPT) texl window

\ Graphie pixel buffer for fast
\ erasing of data.
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APPENDIXA

Test FET acquisition program
File: WordsO (5 pages)

Please see previous listing of WordsO in the Multiple ISFET
data acquisition program.
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\ Words ta acquire chip test data.
\ (needs DECLARE2, WORDSO)

: INITLAL.SET
WORD
65408 DlGlTAL.OVT
DACl
2048 D/A,OCT

: SET,DAC.RA"'GES
PORTI
64. DIGITAL.MASK
1. WRITE,BITS
128. DIGITAL.MASK
1. WRITE,BITS

BI"'ARY
: LATCH.VDO

PORTI
11. DlGITAL.MASK
00. WRITE,BITS
110000. DlGITAL,MASK
PULSE.BlTS

DECIMAL

: DECLARE.TOKENS
l'''TEGER DlMI VD... VG" • POlrolTS J UNroIAMED.ARRAy
BECOMES> RAW,TEST.DATA
oRAW.TEST.DATA:=
IJ'o,'TEGER DlMI VD... VG# 1UNNAMED.ARRAy
BECOMES> TEST.DATA
OTEST.DATA:=

: SET,TEST.GRAPH
INSTALL NOP IN PROMPT.XEQ
GRAPHICS.DISPLAy
{GRAPHICS.PROMPT) SCREE"',CLEAR {BORDER}
VUPORT.MAIt' VUPORT.CLEAR
OUTLINE
AXIS.DEFAULTS
0.10.05 AXIS.ORlG
0.90.9 AXIS.SIZE
0.020,01 TICK.SIZE
NORMAL.COORDS
0.1 0.n5 AXIS.POI!'>T
64 AXIS.DlVISIONS
HORIZONTAL

AXIS.FIT.OFF
oPOINTS WORLD.SET
GRID.OFF
NO.LABELS

VERTICAL
AXIS.FIT.OFF
8192457WORLD.SET
GRID.OFF
NO.LABELS

NORMAL,COORDS
41 FIX.FORMAT
0.030.95 POSITION 10.0 GAIN /5/0 SWAP - "." LABEL
0.030.05 POSITION 10.0 GAIt' /5/3' 0 + "." LABEL
-11 FIX.FORMAT
0.230.775 POSITION LIMIT 6.0 / "." LABEL
0.530.775 POSITION LIMIT 2.0 / "." LABEL
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0.83 0.775 PO~ITlON LIMIT 6.0 15' "." lABEL
0.50.95 POSITIOf' .. Seconds" CEr\'TERED.LABEL
270 LABEL.DIR
0.Q25 0.75 POSITiON" Milliamps" LABEL
o LABEL.DIR
XY.AXIS.PLOT
PIX.BL'FF LINE.BUFFER.ON

:TEST.FET
LIMIT ACQ.PERIOD 1000.0 Il POINTS: =
DECLARE.TOKENS
ACQ.PERIDD SYNC.PERIOD
TEST.CHNL GAIN A/D.GAIN
A/D.INIT
SET.TEST.GRAPH
SYNC.ERROR.OFF
OTEST.DATA :=
VD# 1 + 1
DO

DRO.COUNT [1 J PORTO DlGITAL.OUT
LATCIJ.VDO
VG#l+l
DO

REFI.COUNT [ 1J DACI D/A.OUT
ERASE.LINES
SCREEN.CLEAR
CR." VD = • DRO.VALUE Il].'" V"
." VG = "REFl.VALUEllj . ."V"
CR: SHIIT-Fl to end thisvoltage lest,"
oA/D.!N POSITION
POIl\'TS 1 + 1
DO

SYNCIJRONIZE
A/D.!N DUr
RAW.TEST.DATA (K ,J.I j;=
ISWAPDRAW.TO
?KEY IF

PCKEY 84 = AND
IPLEAVE
THEN

TIJEN
LOOP
A/D.!N TEST. DATA Il ,1 J;=

LOOP
LOQP
DEFAULT.PROMPT

:TURN.ON
SCREEN.CLEAR
INITlAL.SET
SET.DAC.RANGES
CR CR ," FETs should be disconnected Crom FET Contreller."
CR ," Turn on FET Contrallcr. then press ENTER."
'INPUT "DROP
ZERO.DACS
CR CR ." Ali applied potcntials arc DOW Scl to 0 V."
CR." Please CORRect FET cbip to be tested."
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Tes! FET acquisition pro~ram

File: Words7 Page lof"

\ Permanent data slorage. retrieval. and prin tout for FET test routine.
\ (nccd; DECLARE2 or DECLARE4)

: ?YES
"I:\PCT 1 "LEFT
"Y" "=

: ?FILE.EXISTS
"DATA.FlLE DEFER> FILE.SIZES
0<>
IF TRUE
ELSE FALSE
THE:\
DROP

\ I-J(-"t/f")
\ Returns truc 10 symbol stark if CAPITAL Y
\ is inputted

\ (-)(-"t/f")
\ Relurns true to symbol stark if a rile
\ exists with filenarnc.

\ DROP extra arguement rcturned by FILE.SIZES

5

III

15

\ Sets up file template of minimum size
\ for the data set availahle.
\ Check for unclosed file.

: TEST.FET.FILE.TEMPLATE

?FILE.OPE:\
IF FILE.CLOSE
THEl'
FJLE.TEMPLATE

6COMMENTS
INTEGER DIMI 5 J SUBFILE
REAL DIMI VD# J SUBFILE
REAL DI:-II VG# 1 SUBFILE
INTEGER DIMI VD# •VG# ,POINTS 1SUBFILE
lNTEGER DIMI VD#, VG# 1SUBFILE

END

\ ACQ.PERIOD. LIMIT, GAI:\, VD#, VG#
\ Drain voltages applicd
\ Gate (refercnce) voltages applicd
\ Raw test data
\ Extraclcd test data

20

25

30

\ 1- J

\ Prompt user for filenamc.

\ Returns true ta symbal stad if filename
\ does not exist or if aperator wishes ta
\ delete ald file.

: TEST.FET.STORE
"DATA.FILE DEFER> FILE.OPEN
"DATE" ""CAT "TI:-IE "CAT 1 >CO:-lME:\T
CR CR." Enter file comments. ( total of 5)"
CR." First comment should include tille. book#:. and page#."
CR." Second comment should include chip and gate ID."
7200

CR 1 1 - ,," - ""INPUT
1 >COMMENT

LOOP
CR CR." Data being saved in" MDATA.fILE MTYPE
ACQ.PERIOD L1MIT CATENATE GAIN CATENATE VD# CATENATE VG# CATENATE
1 SUBFILE ARRAy> FILE

DRO.VALUE
2 SUBFILE ARRAY> FILE

REFI.VALUE
3 SUBFILEARRAY>FILE

RAW.TEST.DATA
4 SUBFILE ARRAy> FILE

TEST.DATA
5 SUBFILE ARRAY> FILE

FILE.CLOSE

: TEST.FET.FILE.CREATE
BEGIN

CR.M Enter filename: M
"INPUT DEFER> DATA.FILE
?fILE.EXISTS \ Check if filename is already in use.
IF CR.- File alrcady cxists. Type 'Y' to crase old file - •

?YES
IF TRUE
ELSEFALSE
THEN

ELSETRUE
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Test FET acquisition pro gram
File: Words7 Page 2 of 3

\ Erase file and 51art over if filename
\ iswrong.

THE;>;
Vr-:TIL
"DATA.FILE DEFER > FILE.CREATE \ Crea te file then doublecheck with user
CR CR ," File will be saved as - .. "DATA.FILE "TYPE
CR ." Type 'Y' if correct - ..
'!YES
If TEST.fET.STORE

CR" File saved."
ELSE

"DATA.fILE DEfER> DELETE
MYSELf

TIIE~

70

75

80

\ (- 1Crea tes a file according to

\ user input and data specifications.

\ Errer 552 - attempted to crea te sub
\ file with dimension = O.

: SAVE.TEST.DATA
SCREEN.CLEAR
TEST.fET.fILE.TEMpLATE
TEST.fET.fILE.CREATE
ONERR:

?ERROR# 552 =
If

CR ," Appears 10 be no data to save,"
CR ." Please check if VD#. val. and POINTS are correct."

ELSE ?ERROR# l'RROR
THEl':

CRCR

85

90

95
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\ Retrieve and reset integer parameters

\ Opens file and prints out comments

\ Check if file exists.

\ Roundabout method of creating a real,
\ initialized. unnamed array. (can't
\ use BECOMES> with uninit. real array)

\ Prompt user for filename.

\ [-) Transfer data from a disk file to
\ existing RAW.TEST.DATA and TEST.DATA files.
\ Check for unclosed file.?fILE.OpEN

If fiLE. CLOSE
THEN
SCREEN.CLEAR
BEGIN

CR CR ," Enter filcoame for retrieval: ..
"INPUT DEfER> DATA.FILE
?fILE.EXISTS
IF TRUE
ELSE CR "DATA.fILE "TYPE." ~- File cannat be round,"

FALSE
THEN

UNTIL
CR CR." Comments from" "DATA.FILE "TYPE
"DATA.FILE DEfER> ?COMMENTS
," Retrieving data from" "DATA.FILE "TYPE
1 SUBflLE

fiLE> UNNAMED.ARRAy
DUp DUpDUp DUp
111 ACQ.PERIOD: =
(2 J LlMIT :=
(31 GAI;>; :=
(41 V D# :=
f5JVG# :=

VD# REAL RAMI' BECOMES> DRO.VALUE
oDRO.VALUE: =
VG# REAL RAMI' BECOMES> REFI.VALUE
OREFI.VALUE:=
2SUBflLE

DRO.VALUE FILE>ARRAY
3SUBFILE

REFI.VALUE FILE>ARRAY
LlMIT ACQ.pERIOD 1000.0/ / POINTS: =
DECLARE.TOKENS
4 SL!BFILE

RAW.TEST.DATA FILE>ARRAY
5SUBFILE

: RETRIEVE.TEST.DATA

(
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TEST.DATA FILE>ARRAY
Fl1.E.CLOSE
CR.- Data relrieval finished.
CRCR

: CALCl:LATE.TEST.RESULTS
10 GAIN /
TEST.DATA
20.0 GAIN /4095 (.

: PRINT.TEST.RESULTS
CALCULATE.TEST.RESULTS
72 FIX.FORMAT
OUT> PRII\'TER
CRCR." VG VDVOLTAGES"
CR ." VOLTAGES
VD# 1 + 1 DO

DRO.VALUE [1].
LOOP
CR
VG# 1 + 1 DO

CR REFI.VALUE 11].
7 3 FIX.FOR~AT

VD# 1 + 1 DO
DUP[l,J].

LOOP
7 2 FIX.FOR~AT

LOOP
CR CR .DATE." •.T1ME
CR ." FEl' ID: "
"INPl:T "DROP
DROP
"14 FIX.FORMAT
CONSOLE
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Test FET analysis program
File: Declare4 Page 1 of 1

\ For use in ANALYZE to examine TEST.FET results.
\ Use WORDS7 to retrieve data.

I!':TEGER SCALAR NUM 0 NUM ; =
SCALAR VZ.RANGE 10 VZ.RANGE; =
SCALAR VD/VS.RANGE 5 VD/VS.RA!':GE:=

SCALAR ACQ.PERIOD 100 ACQ.PERIDD; =

SCALAR L1MIT
SCALAR POINTS

SCALAR GAIN
SCALARVD#
SCALARVG#

TOKEN DRO.VALUE
TOKEN REF1.VALL'E

STACK.CLEAR

6L1MIT;=
60 POH'iTS ; =

2GAIN :=
7VD# ;=
4 VG#;=

\ Multipurpose input variable
\ Zeroing voltage range
\ Drain and source volt-
\ age range (5 or la)
\ Acquisition period in mS
\ Minimum value tested is 100
\ AcquiSition lime lirnit-$ec
\ Number of points peT VD-VG
\ setting
\ Hardware A/D voltage gain
\ Numbcr of VD values to test
\ Number of Vl1 values to test

5

JO

15

20

TOKEN TEST.DATA EXP.MEM> TEST.DATA \ Data is stored in expanded memory
TOKEN RAW.TEST.DATA EXP.MEM> RAW.TEST.DATA \ Frees up main memory
TOKEN MEANS.TEST.DATA EXP.MEM> MEANS.TEST.DATA 25

: DECLARE.TOKENS \ This ward is required by WORDS7 to read in data
INTEGER OlMI VD#, VG# ,POINTS J UNNAMED.ARRAy
BECOMES> RAW.TEST.DATA
oRAW.TEST.DATA;=
INTEGER OlMI VD# ,VG# JUNNAMED.ARRAy
BECOMES> TEST.DATA
OTEST.DATA ;=
TEST.DATA BECOMES> MEANS.TEST.DATA

c
VUPORT VUPORT.MAIN
0.0 0.0 VUPORT.ORIG
1.0 1.0 VUPORT.SIZE

REAL OIM[ 2 JARRAY XSCALE
REAL OIMI2) ARRAY YSCALE
XSCALE @Il JENTERI 0,5]
YSCALE @[ 1 J ENTERI 0,1.5 J
STACK.CLEAR

\ Single graphies window to be used with the
\ {GRAPHICS.PROMPT} text window

\ Scaling settings for ouput graphs
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APPENPIX A

Test FET anal)'sis program
File: Words7 n pages)

Please see previous listing of Words7 in the Test FET
acquisition program.
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Test FET analysis program
File: Wordsl0 Page 1 of 1

\ Used to plot Vd vs. Current fOTvarying Vg's graph.
\ Nceds DECLARE4. and WüRDS7 to rctrievc data.

: CALC.MEANS \ Calculate mean current for cach VD, va setting 5
TEST.DATA BECOMES> MEANS.TEST.DATA \ Resize and initialize MEANS.TEST.DATA
o MEANS.TEST.DATA:=
VD# l + 1 DO \ Calculate means and save in MEANS.TEST.DATA

VG#I+IDO
RAW.TEST.DATA XSECT[ J .I.! 1 10
MEAi':
MEANS.TEST.DATA 1J. 11:=

Loap
Laap

15

(' .,

.~

:GO
OUT> PRINTER \ Automatic printing of sereen outpUt
RETRIEVE.TEST.DATA
CALC.MEANS
MEANS.TEST.DATA BECOMES> TEST.DATA
PRINT.TEST.RESULTS \ Print mean currents for ail VD. VG settings
CALCULATE.TEST.RESULTS BECOMES > MEANS.TEST.DATA \ Change digital data to voltages
GRAPHICS.DISPLAY \ Setup graphies display
VUPORT.MAIN VUPORT.CLEAR
OUTLINE
DOTIED
XSCALE YSCALE XY.AUTO.PLOT \ Plot axes
SOUD
VG# 1 + 1 DO \ Plot line for cach va

DRO.VALUE MEANS.TEST.DATA XSECf[! ,1] XY.DATA.PLOT
LOOP
SCREEN.PRINT
NORMAL.DISPLAY \ Reset to default settings
CLEAR.TOKENS
DEF.VUPORT
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APPENDIXB

x -y PLOTTING FROM THE OSCILLOSCOPE

The Houston Instrument X -Y recorder and the Tektronix
oscilloscope used in Chapter 6 (Section 6.4.3) were not compatible.
The oscilloscope's analog X and Y outputs could be directly hooked up

to the recorder's inputs, but the pen lift was a probJem. The
oscilloscope uses a digital +SV output while the recorder requires a
+ I2V, SOO mA analog input. The circuit in Figure B-l was designed to
use a transistor switch, controlled by the oscilloscope, and a relay to use
the recorder's own + I2V output to control the pen lift mechanism. This
circuit was constructed on a small piece of breadboard and then glued

onto the base of the recorder and hardwired to the recorder terminais.
The cable from the auxiliary connector on the oscilloscope was then

plugged into the breadboard.

.... --- ... - -- ..._-- .------,

•

rh.& '1
lIC QUT~UT 0 3 0

T QUT,.UT D no
,

OCCJ",I..DSC:c.lE

tJ lL-__-_"_ZZ_" ---.J

rh

1:1 11/ I_UT

1" I_UT

: :w-v l't:COl'ICMiIll

Figure B-1. Interface circuit between X -Y recorder and oscilloscope
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