Durafet® Electronics Design Criteria

Description:


The purpose of this document is to spell out electronics design criteria for the Honeywell Durafet® electrode.  It is not the intent here to describe specific implementation(s) but to provide a high level description of power application and signal processing requirements.

Assumptions:

· The intended reader of this document is an electrical engineer.  The focus of this information is electronics design, not pH measurement.  It is further assumed that the reader is familiar with means for temperature measurement and Nernstian temperature compensation.

· It is assumed that the Durafet is powered and signal conditioned in a way to deliver a non-temperature compensated voltage which in all respects is equivalent to a very low impedance glass electrode.  Specifically, glass electrodes exhibit a Nernstian temperature sensitivity and are conventionally designed to provide zero and isopotential pH values of 7.  These are the design targets.

· Conventional glass electrode designs employ two reference electrodes, one internal to the glass element and an external reference electrode that is bridged to the measurement sample.  These two reference electrodes, to a large degree, cancel each other’s thermal characteristics, rendering the overall measurement independent of the reference electrode type being used.  ISFET electrodes employ one external reference electrode.  Hence, the non-pH dependent temperature characteristics of the reference electrode are fully apparent in the measurement signal.  For purposes of the details reported here, it is assumed that the reference electrode is a saturated potassium chloride silver metal-silver chloride type.  As glass electrodes can employ any reference electrode type, the Honeywell Durafet® can also employ any type reference.  It is important to understand that electronics design depends on the reference electrode type.

What is the Honeywell ISFET?
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The Honeywell ISFET is a p-channel enhancement mode field effect transistor.  Typical FET current-voltage characteristics are illustrated in Figure 1.  There are many possible modes of FET operation as a pH sensor.  The preferred mode is to operate the FET in saturation at a constant drain to source (Vds) voltage and constant drain to source current (Ids).  Specific target values are Vds = -1.25V and Ids = -188.0 A.  Namely, the FET is operated at a single X-Y coordinate in Figure 1 throughout electrode life.  

Operated this way, pH signal is contained in the reference to source voltage required to achieve constant drain to source voltage and current.
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Understanding that anyone skilled in the art can developed multiple designs to accomplish simultaneous drain voltage and drain current control, Figure 2 illustrates a simple approach.  The operational amplifier actively drives the reference electrode voltage to maintain the source at signal common potential, thereby controlling Vds and maintaining Ids at –V(+)/R.

Terminology:


Standardized terminology has yet to be developed for ISFETs and hence Honeywell’s use is defined here.  The FET in Figure 2 looks like a MOSFET or IGFET without a metallized gate.  While the FET has a channel between the source and drain, the gate is some combination of electrochemical potentials within the reference electrode and at the interface between the channel insulator and solution.  For certain, the primary pH signal is the voltage applied to or measured at the reference electrode and hence this signal is contained in the reference to source voltage, designated Vrs. 

Transfer Function:


The relationship between Vrs and pH, temperature and sensor parameters is:
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K0 has several meanings.  According to equation (1) K0 is clearly the electrode voltage at 0°K at any pH value. K1 is the Nernst factor, FTS is the fractional theoretical slope, K2 is the non-pH dependent temperature coefficient made up of reference electrode and intrinsic FET temperature coefficients.  T is the Kelvin temperature.  The instrument solves for pH using the inverse of equation (1).  It is:
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When pH = pHiso, Vrs = K0 which identifies the second meaning of K0 namely, the electrode isopotential voltage.  The specified limits for K0 are –1.070 ± 0.280; 96% < FTS < 101%.  The large magnitude and range of K0 values demand correction for this sensor variable.  The K0 values for each sensor are determined by automated temperature testing and a correction is made for this value.

K0 Correction:


As mentioned above, each Durafet® subassembly is temperature tested to determine its K0 value with specification limits.  Once determined, a resistor is incorporated into the assembly with a value that will allow preamp electronics to develop and suppress the correct K0 voltage.  Based on temperature test results, one of 45 K0 resistor values is selected and soldered into the assembly.  These 1% tolerance resistor values range between 5,760  and 453,000  and develop K0 correction voltages between –1.338V and –0.750 V respectively.  The maximum step change between adjacent K0 resistor values is 0.020 V.  The relationship between resistance in ohms and desired K0 voltage is:
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This equation relates suppression voltage and K0 resistor value for the following network:
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When the Figure 3 design is completed, operational amplifier output is proportional to (Vrs – K0).  K0 correction can be accomplished by analog circuit means as illustrated in Figure 3 or in software using equation (3) to calculate K0 voltage value.

ISFET Operation with a Counter Electrode:
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Analog circuitry similar to that illustrated in Figure 2 is necessary and sufficient for ISFET power and control.  A more sophisticated and patented approach is illustrated in Figure 4.

Circuit design objective is to control source voltage to signal common potential.  This function does not require a driven reference electrode.  Figure 4 illustrates an approach in which a conductor, integral to the electrode, is allowed to control the source to signal common potential.  The advantage of this approach is that it allows a low impedance pathway for unwanted parasitic current to harmlessly pass through the electrode thereby avoiding reference electrode polarization.  Furthermore, the potential of the counter electrode does not matter and can be expected to change with pH, solution composition and with direction and magnitude of leakage currents.  [Note: in operation, counter electrode voltages are of the order of magnitude of –1 V.]  As shown, the reference electrode is connected to a high impedance follower to block unwanted reference electrode currents and measured EMF is independent of leakage currents.

Component Tolerances:


Two buffer standardization of pH electrodes will calibrate out reasonable offset and amplifier gain effects.  Factors that affect offset are amplifier input offset voltage and the tolerance of the Ids drive voltage indicated as V(+) in Figures (2) and (4).  These voltage offsets will be sucked up in the standardization-offset value.  It should be noted that these non-zero offsets also contribute to a small temperature compensation error equivalent to 0.1 pH per 100°C difference between calibration and use temperatures for each 0.020V offset.  This temperature compensation error is independent of measured pH.  Non-unity gain variations are calibrated out through standardization percent theoretical slope (PTS) [or FTS] value.


In principle, an ISFET can be successful operated in a potentiometric mode at any drain voltage greater than –6V.  This includes operation at low drain voltages in the linear region.  Experience has taught that it is desirable to operate the FET in saturation at a value close to –1.25 V namely, near the beginning of saturation.  Because of the insensitivity to drain voltage, a reasonable tolerance of this value is ± 0.025V.
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Drain current is another matter.  When operated in saturation, measurement isopotential pH value is proportional to the square root of the absolute value of drain-source current as shown in equation 4.  This property can be advantageously used to adjust electrode isopotential value for reference electrodes different from a saturated KCl-Silver/Silver Chloride electrode.  The engineering unit for Ids in (4) is absolute microamps; 13.711 is the square root of the nominal |-188| A drain current.  If the tolerance of the V(+) reference voltage in Figures 2 and 4 is ±0.1% over operating conditions, then this corresponds to an approximate ±0.007 pH variation in isopotential pH.  Namely, good Ids control is probably the single most important parameter in circuit design.


In consideration of semiconductor and electrode manufacturing tolerances and circuit design, a reasonable target offset value of an electrode immersed in a pH 7.00 buffer is ±0.044V.

James G. Connery

June 10, 2004
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Figure 3





Figure 4
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