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In the late 1960's, the Dutch researcher,
Piet Bergveld, investigated the pH sensitiv-
ity of an electronic device known as an ion-
sensitive or ion-selective field-effect tran-
sistor (ISFET). Although early ISFETs un-
doubtedly responded to pH, many had
considerable performance problems, in-
cluding poor stability, slow response time
to changes in pH and sub-Nernstian out-
put. Inthetwenty plus years since Bergveld's
initial efforts, ISFET technology has been
substantially advanced primarily through
the efforts of groups located in Holland,
Japan, and the United States.

Leeds & Northrup’s Solid State Physics
and Chemistry Research groups began to
look at ISFET sensor technology in the
1980's because of the Company’s long-
standinginterestin pH measurement. Many
problems were found in early ISFET de-
vices. In the process of understanding and
correcting the deficiencies of these de-
vices, L&N has substantially advanced
ISFET technology. This is represented in
four L&N patents to date, and proprietary
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semiconductor materials and processing
techniques. Nine ISFET electrodes, under
the tradename of DURAFET™, have been
developed together with four electronics
adaptors which interface DURAFET
electrodes to existing commercial instru-
mentation.

Thefollowing describes the development
and performance characteristics of ISFET-
based DURAFET pH electrodes.

Development

The ISFET sensor begins as a silicon wafer.
The silicon wafer is either n (negative) or p
(positive) doped. The n type wafer material
is favored and is used to produce a p
channel enhancement mode field-effect
transistor. A p channel wafer is the pre-
ferred starting material because L&N has
developed and patented a back-side electri-
cal contact method which permits electrical
contact to the back-side of the chip. The
advantage of back-side contacting is the
total isolation of the test sample from the
attachment leads. A completed wafer is
illustrated in Figure 1.

ISFET sensors are three terminal devices
(Figure 2). The n type wafer material is one
of the three terminals and is designated as
the “n Silicon Substrate” in Figure 2. Two
additional regions are boron diffused to
produce p+ doped sites. At this stage inthe
fabrication process, the sensor is com-
pletely symmetrical.

In Figure 2, the designations of “source”
and “drain” are associated with the volt-
ages later applied to the p+ doped regions.
By convention, the “source” lead, shown
connected to the substrate, is the electrical
reference point against which all voltages
and currents are referred. Lastly, an insula-
tor is deposited or formed on top of the
structure. It responds to pH in a manner
analogousto glass electrodes. For example,
if solution pH increases by one pH unit, the
potential at the insulator/solution interface
becomes more negative by approximately

60 mV at room temperature. This 60 mV
change is referenced to the source through
the reference electrode and an external low
impedance bias voltage V,,.

Theory

For a p channel ISFET the increased
negative insulator potential increases the
conductance between the FET'’s drain and
source terminals. A way this field effect can
be verified is to apply an external drain to
source bias, V4, and measure the resulting
current, |, which is related to FET con-
ductance. It is possible to operate the FET
insuch away thatthe measured current, Iy,
is directly proportional to pH. This is re-
ferred to as an amperometric-like mode
of operation.

An alternative mode of operation requires
maintaining the ISFET at constant I, and
V4 values in such a way that FET conduc-
tanceis constant. Becauseitis operating at
constant conductance, when the insulator
becomes more negative by 60 mV, the
external lowimpedance voltage V,,must be
adjusted by +60 mV to maintain constant
FET conductance l. This is referred to as
a potentiometric mode of operation. In this
mode of operation, changesinthe V, mirror
the changes in the potential developed at
the insulator/solution interface.

Figure 3 illustrates the typical current
voltage curves for DURAFET in a pH 4
buffer. The relationship between the three
electrical parameters |4, V4 and V,,can be
seen. They are negative in value as typi-
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cally found for a p channel enhancement
mode device. Amperometric type
measurements are achieved in the linear
region, atsmall V4 values, where | is linear
with Vg, V, and pH. At larger drain to
source values, |y is independent of V.
This region is known as the saturation re-
gion and, because | is proportional to the
square root of V,, and pH, amperometry is
of little analytical utility.

While the amperometric type of pH mea-
surement is largely limited to the linear
region, the potentiometric mode allows for
operation anywhere within the current-volt-
age curves. The potentiometric mode of
operation is preferred in the saturation re-
gion because excellent Nernstian behavior
isfound, the measured EMF isindependent
of V. and performance is found to be
independent of ISFET design geometries.

Experimental

Figure 4 illustrates typical measured V,
values versus temperature against a 2N
Ag/AgClreference electrode. The datawas
collected on a typical ISFET device in 3
National Institute of Standards & Technol-
ogy (NIST) standard reference buffers over
a period of six days. Compared to glass
electrode behavior, the voltage magnitude
and temperature sensitivity appear to be
most unusual.

A simple and accurate relationship be-
tween V,, and pH and temperature has
been determined. Equation (1) in Figure 5
contains the conventional pH term as if
found with an ordinary glass electrode. In
addition, a pH and temperature indepen-
dent offset voltage designated as V°, and
a pHindependent temperature coefficient,
designated as o, is illustrated. Simple dif-
ferentiation of this equation with respect to
temperature and, setting the resulit to zero,
allows one to determine the pH value for
zero dependence of voltage with tempera-
ture, referred to as isopotential pH. Further-
more, substitution of the resulting pH value
intothe parentrelationship yieldsaV value

signal to V°,. V°, can be thought of as the
electrode voltage at zero degrees Kelvin,
the isopotential reference to source volt-
age, or the zero Kelvin standard potential of
the ISFET. This equation predicts.that a plot
of V,, -R(1n10)/F x pH x Temperature vs.
Temperature should be astraightline whose
zero Kelvin intercept defines the V°, value
andwhose slopeisrelated tothe electrode’s
isopotential pH value through equation (3)
in Figure 5.

Figure 6 is a plot of this relationship, in a
4.006 buffer, vs. Celsius temperature, solely
for the purposes of demonstrating linearity.
Figure 7 is a plot of the same data where
absolute temperature is used on both the x
and y axes. As illustrated, V°.isobserved
to be a large magnitude voltage and an
excellentone sigmavalueis obtained. From
this analysis Nernstian behavior cannot be
assumed a priori.

To test the Nernstian assumption, data
obtained in NIST pH 4, 7 and 9 buffers is
plotted in Figure 8. Excellent agreement
between the zero Kelvin voltage and the pH
4 data is found. With knowledge of the zero
Kelvin voltage and the temperature coeffi-
cient, or isopotential pH and isopotential
voltage, it is possible to temperature com-
pensate V,, measurements fully.

Device-to-device values of V°, can vary
over a range of plus or minus several hun-
dred millivoits. While this variability is totally
consistent with standard semiconductor
manufacturing processes, means must be
provided to correct for probe isopotential
voltage. This semiconductor behavior has
been accounted for by determining the V°
value of every single probe produced and
by providing a hardware identification of
the V°, value within each probe so that the
electronics can correct each probe for its
own unique V°, value. This approach al-
lows for probe interchangeability.

The best fit of experimental data to tem-
perature and pH, given the best pH values
available, is illustrated in Figure 9. NIST pH
data was employed between 0 and 50

degrees, and Bates’ data, on highly puri-
fied buffer reagents, for temperatures be-
tween 60 and 90° C. The markers on the
plot show the experimental data; the solid
curves designate the NIST and Bates’ data
definining the conventionally true values.
Excelient agreement between the experi-
mental and conventionally true values is
shown.

This relatively large amount of data
obtained was subjected to multiple linear
regression analysis to obtain isopotential
(pH, EMF) values. At the same time, the
evaluation of the Nernst slope, expressed
as percent theoretical slope (PTS), was
calculated at 99.4%. While specifications
define PTS to be >96%, values are typically
found between 99 and 100%. This illustra-
tion demonstrates the accuracy thatcan be
obtained using DURAFET electrodes. In
additiontoaccuracy, DURAFET electrodes
exhibit excellent speed of response to pH
changes.

Over 1000 individual measurements,
collected at arate of approximately 5 read-
ings per second, on a typical DURAFET
electrode, alternately immersed in NIST
4.01 and 6.86 buffers, are illustrated in
Figure 10. The Y-axis of this plot is the
voltage output of the adaptor electronics,
which simulates the EMF output of a
glass electrode at 25° C. When the adap-
tor electronics is connected to a suitable
pH meter, excellent speed of response is
observed and plotted in Figure 11.

Figure 12 is a semi-log plot of electronics
EMF output which further demonstrates
details of the pH response and output sta-
bility following the pH transition. The data
shown in this figure was collected at a rate
of 15 measurements/second for the first 25
seconds, followed by individual measure-
ments at 2 minute intervals. A total of 1129
measurements over a 100,000 second
period are illustrated. The pH transition
begins at 5 seconds; for all practical
purposes the final value is reached at 6
seconds. Figure 13 is the comparable
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illustration when results are expressed in
Engineering Units of pH. The one sigma
value of the data in the 20-100,000 second
interval is 0.002 pH.

Summary

Leeds & Northrup has developed a total of
nine electrodes as well as interface elec-
tronics which compensate for the ISFET's

Ve, value and for automatic Nernstian tem-
perature compensation. The electronics
outputis intended to replicate the output of
a glass electrode at 25° C and was de-
signed to be compatible with commercial
pH instrumentation.

DURAFET pH electrodes are of rugged .

design with back side contact for reliability.
Excellent pH accuracy, over a wide tem-

perature range, fast speed ofresponse and
excellentlongterm stability have been dem-
onstrated.
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