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FIELD-EFFECT TRANSISTORS TO DETECT
CHEMICAL WARFARE AGENTS IN AIRCRAFT

INTRODUCTION

The purpose of this report is to provide a critical assessment of chemi-
cally sensitive field-effect transistors (CHEMFETs) as possible detection
devices for chemical warfare (CW) agents in the aircraft cockpit. Concurrent
work on CW agent binding materials is also taken into consideration (1).

Applicable to this task are four types of CHEMFETs:

a. enzyme-coupled,

b. galvanostatic,

c. catalytic, and

d. work-function.

The operational specifications for the detection system include criteria
that will be used to evaluate the feasibility of these sensors. Among these
criteria are:

a. sensitivity: 1-10 ppb,

b. time response: 10 sec,

c. reversibility: 30 sec,

d. shelf life: 6 months [estimated],

e. operational life: 10 days [estimated], and

f. compactness.

Sensitivity, time response, and reversibility are the more critical of these
parameters.

Developed in the next report section ("General Theory of CHEMFETs") is
the principle of operation of insulated-gate chemically sensitive field-effect
transistors (IGFETs), and, thereafter (in "Types of CHEMFETs for Detection of

EDITOR'S NOTE: Also availahle is another publication on the subject of
chemical warfare-etectors -- SAM-TR-80-21 , A Coated Piezoelectric Crystal To
Detect Chemical Warfare Agents In Aircraft,-by-77-. Guibault,-Y. Tomin, aii
E.S-.- oiesar, Jr.
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Chemical Warfare Agents"), the operation of the four CHEMFET types. At
present, three of these types can be excluded a priori because they fail to
meet one or more of the main criteria (sensitivity, time response, and revers-
ibility). A brief review of these three types is included in this report,
however, because a development in related sciences could possibly enable con-
struction of such CHEMFETs. In that eventuality, this report could serve as a
useful starting point.

Recommendations for further action are stated in the "Conclusions" sec-
tion of this report.

GENERAL THEORY OF CHEMFETS

Of the several types of chemically sensitive semiconductor devices (CSSD)
discussed in the literature, all depend in some way on the semiconductor field
effect for their operation. The CHEMFET is no exception. Structurally, IT
very similar to the IGFET, a device which is the basis for the integrated cir-
cuit revolution presently taking place in electronics. The theory of IGFETs
is well developed, and is generally presented in the language of the electron-
ics engineer or solid-state physicist rather than that of the chemist. The
purpose of this report section is to outline those elements of the theory
which are most useful to the reader in understanding and using ion-sensitive
field-effect transistors (ISFETs). Hence, the metal-insulator-semiconductor
(MIS) structure is briefly discussed here.

The Metal-Insulator-Semiconductor (MIS) Structure

The IGFET theory is based on the analysis of the MIS structure--a useful
tool in the study of semiconductor surfaces. The MIS structure (Fig. 1), in
its simplest form, consists of a "parallel plate capacitor" where the metal
forms one plate and the semiconductor forms the other. The insulator, of
thickness d, is assumed to be a "perfect" insulator; i.e., no charged species
can be transported through it. This structure is considered to be a single
system in a thermodynamic analysis. Equilibrium refers to the condition in
which the free energy of the electrons in the metal and semiconductor are
equal. The free energy of electrons in a solid is usually described in terms
of the Fermi energy level, EF. The same terminology is used in this discus-
sion. Therefore, the MIS structure is in equilibrium when the Fermi level in
the metal and that in the semiconductor are equal.

Ideal MIS Structure

The starting point for analysis of the MIS structure is the "ideal" MIS,
which, by definition, has the following characteristics: (a) The electron work
function of the metal, Dm, and that of the semiconductor, ¢s, are equal (i.e.,
the metal-semiconductor work-function difference, sm , is zero). (b) The
charge density in the insulator is everywhere zero. (c) No transport of any

EDITOR'S NOTE: Available, on p. 44, is a selective list (plus defini-
tionsF of the breviations, Acronyms, and Symbols" used throughout this
report.
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Figure 1. Typical metal -i nsul ator-semi conductor structure used to study semi-
conductor electrical parameters.

charged species through the insulator takes place. (d) The ideal band struc-
ture of the bulk semiconductor extends to the surface (i.e., no surface states
exist).

The analysis of the ideal MIS structure consists of calculating charge,
electric field, and potential distributions throughout the structure as a
function of an externally applied voltage difference between the metal and
semiconductor. Thereafter, non-ideal effects which always occur in any real
system can be considered and the three distributions (charge, field, and
potential) can be recalculated. The non-ideal effects are: non-zero work-
function difference; non-zero charge density in the insulator; interface
charge layers; and deviations from the ideal semiconductor band structure at
the surface (surface states).

The eniergy band diagram for the ideal MIS structure for a p-type semi-
conductor is shown in Figure 2.

The metal-semiconductor work-function difference, Dms, is given by

Note that X is equivalent to the standard chemical potential of the electron,
~e,0

PS
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Figure 2. Metal-semiconductor energy-band level under flat-band conditions.

For the ideal MIS, Dms 0 0. The electron density, hole density, and net
charge density in the semiconductor can be calculated in terms of tne enery
difference between the Fermi level, 'FP and any of the other defined levels,
Ec, Ev, or Ei. The reader is referred to one of the standard texts on semi-
conductor physics for a detailed treatment (2, 37).

When a voltage, VG, is applied between the metal and semiconductor, the
"flat-band" condition of Figure 2 is changed. The Fermi levels in the metal
and semiconductor become separated by the applied voltage. Since increasing
electron energy upwards is customarily shown on the band diagrams, the appli-
cation of a positive voltage to the metal relative to the semiconductor dis-
places the metal Fermi level downward relative to the semiconductor Fermi
level.

Three states of charge distribution, depending on the sign and magnitude
of the applied voltage, are in the semiconductor surface (Fig. 3). Under the
"accumulation" condition, the negative voltage applied to the metal attracts
additional holes to the semiconductor-insulator interface; i.e., holes accumu-
late at the interface. Because a very high density of holes is allowed near
the top of the valence band, the accumulated layer of holes extends only a
short distance into the semiconductor, and behaves much like a metal.
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Under the "depletion" condition, the applied voltage, VG, drives the
mobile holes away from the surface--leaving behind a charge density composed
of negatively charged acceptor atoms. For semiconductors used to fabricate
IGFETs, this charge density is very much lower than the corresponding density
of holes under accumulation. Therefore, the depletion space-charge region
extends a considerable distance into the semiconductor. Electrostatic theory
shows that the energy bands shift an appreciable amount within the space-
charge region, as shown in Figure 3.

If a sufficiently large positive voltage is applied to the metal relative
to the semiconductor, the bands will bend far enough to cause the intrinsic
level, Ei, to cross the Fermi Level, EF. In general, the hole density
depends exponentially on the quantity (Ei - EF), and the electron density
has a similar exponential dependence on the quantity (EF - Ei). Once Ei

METAL I4ULATOR sMMICODUCTOP

V 40 O i- AcaTUL ATIONI' C

T" M LE-TONi coNDIT11*!

r. r r . .. .I ..

C

I, r CONDITION

1- " .+++

*1-+

- r

Figure 3. Metal -semiconductor energy level under bias conditions of inter-
est. [+ = holes, mobile positive charges; - (above Ev) =nega-
tively charged, immobile acceptor atoms; and - (above Ec ) mobile
electrons in the conduction band.]

7



crosses EF, the electron density exceeds the hole density, even though the
dopant atoms normally make it p-type. Thi,, the semiconductor is said to be
in a surface "inversion" condition.

The band displacement corresponding to inversion can be seen (Fig. 2) to
be qF. For analysis of the IGFET, a more useful definition is that
of "strong inversion." This condition occurs when the hand displacement at
the surface is 2€F.  The exponential dependence of electron density on
(Ei - EF) means that the surface electron density increases very rapidly
beyond the point of strong inversion. In other words, voltages applied to the
metal (beyond that voltage required for strong inversion) increase the elec-
tron density in the surface inversion layer--hut do not increase the band
displacement at the surface. Applied voltage sufficient to bring about strong
inversion is known as the threshold voltage, VT; and, for the ideal MIS
structure, is given by (ref. 2):

VT= + 2 (2)o
0

in which QB is the charge per unit area within the surface space-charge
region; and CO is the capacitance per unit area of the insulator.

The number of mobile electrons per squared centimeter in the surface
inversion layer becomes a linear function of (VG - VT) for VG greater
than VT. The principle of operation for the IGFET is the modulation of
electrical conductivity in the surface channel by the applied voltage VG.

The non-ideal effects that exist in a real MIS structure generally result
in band-bending at the semiconductor surface, even with no externally applied
voltage VG. A non-zero work-function difference, oms t 0, means that a
charge flow must take place between the metal and semiconductor to bring about
thermal equilibrium, thus resulting in a net charge separation in the system.
The excess charge in the metal appears at the metal-insulator interface, while
the excess semiconductor charge appears near the insulator-semiconductor
interface. The band displacement in the semiconductor is the same as that
which would result if a voltage equal to Dms were applied to the ideal MIS
structure. In Equation 2, VT is the applied voltage necessary for strong
surface inversion, starting from the flat-band condition of Figure 2. If Oms
0, an applied voltage equal to Oms must first be applied to bring about the

flat-band condition; then an additional voltage, equal to that given in Equa-
tion 2, must be applied to bring about a strong surface inversion. In this
case:

V ~QB 2;(3
VT = ms - + 2 (3)

0

A non-zero charge density in the insulator can be analyzed in a similar
manner. A charge in the insulator will induce an image charge in the metal
and semiconductor. The induced charge in the surface of the semiconductor
will result in band-hendinq at the surface, even for no externally applied

8I



voltage. However, by application of the proper voltage, the image charge in
the semiconductor can be cancelled to yield a flat-band condition (2). When
Oms and insulator charge distribution are considered:

I d OB

V T - 1 o'(x) dx - + 2 F  (4)
0 0 0

in which

d = insulator thickness,

x = distance measured from the metal insulator interface, and

p'(x) = charge density in the insulator from all sources.

The most common MIS structure includes thermally grown Si0 2 on silicon.
The charge distribution associated with this structure consists of a dense
layer of positive charge, Qss, in the SiO 2 next to the silicon (effective at
x = d). The usual practice in developing this theory defines a new insulator
charge density pSx) as:

='(x) = p(x) + S(d) Q ss (5)

in which 6(d) is the "delta" function.

Qss is the charge per unit area next to the Si/SiO 2 interface. Consid-
ering this non-zero charge density:

jd ss - iB

VT = ms - o { - .(x) dx - C C + 2 (6)
0 0 0 0

Another non-ideal effect which must be considered is the deviation from
the ideal band structure in the form of a near continuous distribution of
allowed energy levels across the "forbidden" band at the surface. These ener-
gy levels are known as "surface states." The influence of surface states on
the voltage VT is complex, and has been treated elsewhere (3). Fortunately,
modern semiconductor technology can reduce the density of surface states to a
negligible level, at least for thermally grown SiO 2 on silicon. The CHEMFET,
which is the subject of this review, is fabricated with this SiO2/Si system.
Thus, surface states will not be seriously considered.

In the equation for VT, the three terms which arise from the non-ideal
properties of the real MIS are customarily grouped and are collectively

9



called: the flat-band voltage, VFB. This is the voltage that must be
applied to a real MIS structure to bring about the flat-band condition:

n
VT VF + F B (7)

T FB 0

where

V Q~~ss j ()d 8
FB = %s - d -~xd 8

The IGFET consists of a MIS structure with provisions for making electri-
cal contacts to the surface inversion layer. The current-voltage relationship
for this device is described in the following paragraphs.

Before proceeding further, some conmment on the term "Field-Effect Tran-
sistor" may be instructive. The ability to deplete the density of mobile
charge carriers and subsequently invert the surface is known as: the surface
field effect. Equations 7 and 8, which describe this phenomenon, could have
been derived in terms of electric fields at the surface instead of voltages
across a MIS structure. In fact, the density of mobile charges in a surface
inversion layer can be considered to be a measure of the electric field normal
to the surface of the semiconductor. The surface field can be produced in two
ways: The semiconductor can be built into a MIS capacitor and an external
potential applied, as in the IGFET; or the field can arise from the electro-
chemical effects between different materials, as in the CHEMFET.

In either case, changes in the surface electric field change the density
of mobile charge carriers in the surface inversion layer. The physical quan-
tity measured is the change in electric current carried by the surface inver-
sion layer; i.e., the drain current. Obviously, these devices must be
operated under conditions that cause the surface inversion layer to form.

Current-Voltage Relationships for the Insulated-Gate
Field-Effect Transistor (IGFET)

The typical construction and biasing arrangement for the n-channel IGFET
are shown in Figure 4. In Figure 4, the semiconductor substrate (No. 3) forms
one side of a parallel plate capacitor, and the metal gate field plate (No. 4)
forms the other. In the normal operating mode, the gate voltage, VG, is
applied between the semiconductor substrate (No. 3) and the gate (No. 4). The
polarity and the magnitude Of VG are selected so that the semiconductor
field effect causes an inversion layer on the surface of the substrate under
the gate. In fact, the surface of the p-type substrate (No. 3) becomes
n-type. This n-type inversion layer forms a conducting channel between the
source (No. 2) and drain (No. 1) regions. If this inversion layer is not
present, application of a positive voltage, V0. )to the drain (No. 1) with
respect to the source (No. 2) and substrate (No. 3)results in no appreciable

10



V "

2 n-type i n-tvpe

p-tyPe semiconductor 3

Figure 4. Cross-section of the n-channel metal-oxide-semiconductor field-
effect transistor (MOSFET) structure. [1 = drain; 2 = source; 3 =
p-type semiconductor substrate; 4 = metal gate; 5 = insulator; and
6 = metal contact.]

current flow, because the drain-to-substrate p-n junction diode is reverse
biased. However, if an n-type inversion layer exists along the surface of the
semiconductor between the source (No. 2) and drain (No. 1), a continuous path
for the current, ID, exists. As shown in Figure 4, the current, ID. flows
through the channel connection between the drain (No. 1) and source (No. 2).
The magnitude of the drain current, ID, will be determined by the electrical
resistance of the surface inversion layer and the voltage difference, VD,
between the source and drain.

The basis for the derivation of the current-voltage relationship is the
calculation of the density of the mobile electrons in the surface inversion
layer, as a function of the applied voltages VG and VD, and of the posi-
tion along the channel.

The IGFET channel region is depicted in Figure 5. At any point, y, along
the channel, is found: a charge density, Qn(Y), per unit area of mobile elec-
trons in the surface inversion layer; and a charge density, QB(y), of ion-
ized dopant atoms in the space-charge region. These charge densities are a
function of y because of the voltage change, along the channel, due to the
drain current. Hence, Qs, the sum of Qn(Y) and QB(y), is constant along the
channel, and is equal and opposite to the charge per unit area of the metal
plate which forms one side of the capacitor (the gate):

Qs Qn(y) + QB(y) (9)

11
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Figure 5. Cross-section of the field-effect transistor (FET) with small VG.

Qs may be related to the applied gate voltage and the capacitance CO of

the gate insulator by:

Qs +
VG - VFB - s (10)

0

where os is the surface potential of the semiconductor.

The mobile electron charge in the surface inversion layer is given by:

Qn(y) = -[VG - VFB - ,s (y)I Co - QB(Y )  (11)

In these equations, a surface inversion layer is assumed, in fact, to exist.
At this point in the derivations, the assumption is made that the surface
potential is given by the conditions of strong inversion:

0s(y) = V(y) + 24 (12)

Here, V(y) is the "reverse bias" applied to the "field-effect induced"
p-n junction, composed of the n-type surface inversion layer and the p-type
substrate.

12



QB(Y) is the charqe in the space-charge region. By application of the
"depletion approximation," the assumption is that no mobile charges are in the
space-charge region:

QB = - v' 2KsE 0qNALV(y) + 
2 F]  (13)

By collecting terms:

Qn(Y) = - VG - VB - V(y) - 2¢F] C0 + (2K2coqN A IV(y) + 2F]) /2 (14)

By reference to Figure 5, the voltage drop along an element of channel,
dy, can be written as:

dV = IIdR I D dy (15)d=IDd- Wujn Qn(y )

in which W is the width of the channel, and on is the electron mobility in the
channel.

Substituting Equation 14 for Qn(Y) and integrating over the channel
length yields the basic current-voltage relationship:

WVD

D C0 {[VG - VFB -
2 ¢F --- ] VD

2 /2KsoqNA 3/2 3/2
SN VD+ 2¢F) (2F) 2 (16)

In the derivation of this equation, the surface inversion layer is
assumed to exist at all points along the channel. From Equation 13, QB(Y)
is seen to increase with V(y), the voltage drop along the channel. This
increase is at the expense of Qn(y), the mobile channel charge. V(y) must
change from 0 at the source to VD at the drain; so, if VD is large enough,
the conducting channel will disappear at the drain. When this sequence
occurs, Equation 16 is no longer valid and the IGFET is said to become
"saturated."

13
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Figure 6. Cross-section of field-effect transistor channel region with satu-

rated VG applied. [VDSAT = drain voltage at which surface

channel narrows and disappears (near the drain).]

In the saturated IGFET (Fig. 6), VDSAT is the drain voltage at which

the surface channel narrows and disappears near the drain. An increase in

VD beyond VOSAT results in the formation of a short space-charge region

between the narrowest end of the surface channel and the drain. Current con-

tinues to flow, under these conditions, because electrons in the channel have

no potential barrier to restrict flow from the end of the surface channel

across the short space-charge region to the drain. However, the number of

electrons arriving at the drain is determined by the voltage betweer the

source and the end of the surface channel. This voltage, VOSAT, can be

shown to be (2):

VDSAT VG - VFB - 2 'F + 2 N - K .(). (17)

For drain voltages greater than VDSAT, the drain current, ID , is

given by Equation 16, with VD replaced by VDSAT, provided the surface

channel length, L, is not appreciably shortened by the space-charge region

existing between the end of the surface channel and the drain.

In Figure 7 the curves are divided, by the dashed line, into saturated

and unsaturated regions. Note that VOSAT is a function of the applied gate

voltage.

14
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Figure 7. Fami ly of ID vs. VD curves for a metal-oxide-semiconductor
field-effect transistor.

Even though Equations 16 and 17 are derived via several simplifying
assumptions, these equa.tions are difficult to use because of their complex-
ity. A much simpler set of equations may be derived if the dependence of
QB(Y) [Eq. 13] on V(y) is neglected. In this case:

QR - 'K5E~qNA 2cOF (18)
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and the integrations required to derive the current-voltage relationship can
be simplified to yield:

V2

I 1 {(V VD V<V(9
ID : 1n Co L G " VT) VD " T )h VD < VDSAT (19)

where

QBVT = VFB + 2 - (20)

and

VDSAT VG VT

If no distributed charges are in the insulator or silicon surface states,
the flat-band voltage, VFB, reduces to:

Qs

V = SS
FB ms " 0

Equation 19 is the current-voltage relationship for the unsaturated
case. For drain voltages greater than VDSAT, the current is given by Equa-
tion 19 with VD being replaced by VDSAT:

ID n~oW (VG " VT)2

= n 2 0 VD > VDSAT (21)

Equations 19 and 21 are the IGFET current-voltage relationships most
often quoted in the literature. Their use can lead to significant quantita-
tive errors when currents are being calculated. They do, however, contain the
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correct qualitative features of the device; i.e., the saturated and unsatu-
rated regions, the near constant drain current beyond saturation, and the
dependence of the saturation voltage on the gate and threshold voltages.
Equations 19 and 21 have the distinct advantage of simple form.

Fiqure 8 is a plot of ID vs. VG for an n-channel "depletion mode"

device. Depletion mode oeans that the device has a conducting channel for

zero-applied gate voltage. Depletion mode n-channel devices are the result of
a sufficiently negative flat-band voltage, VFB. In the saturated regions--

V0 > (VG - VT); or, alternately, VG < (VD + VT)--Equation 21 predicts a
quadratic dependence of ID on VG. In the unsaturated region--VD < (VG - VT);

or, alternately, VG > (VD + VT)--Equation 19 predicts a linear dependence of
ID on VG. Actual data, however, show a significant departure from linearity

in the unsaturated region, as indicated in Figure 8. One contribution of this
departure from theory is the variation of Pn, the charger-carrier channel
mobility with the electric field normal to the surface of the semiconductor.

Surface channel mobility is primarily determined by surface scattering.
Strong electric fields, that increase the probability of the carrier inter-

acting with the surface, reduce the surface mobility. Therefore, as the gate
voltage increases, the electric field normal to the surface increases and Pn
decreases.

ID

DI
I

I
I

/

ATURATED

I SWAT RATED

IV

V.SI V
V T  

V r VD) + V? G

Figure S. ID vs. VG curve for depletion mode device.
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A second contribution to the departure of the ID vs. VG curve from
linearity is series resistance between the end of the channel and the point at
which the drain voltage is actually measured (Fig. 9).

O . , ( . 'el )0I

/"

-2 -1 -- -- -- -

Figure 9. ID  vs. VG  curve deviation from ideality due to inherent
resistance.

The resistive voltage drop reduces the effective drain voltage applied to
the device. The magnitude of this resistance depends on individual device
geometry and processing parameters. For example, in the case of the ISFET
reported by Janata and Moss (4), the effective resistance for Figure 8 is
200 ohms. Their experimental data departs from linearity for drain currents
of 2 millamperes (mA)--a value at which the 200-ohm resistance has an appreci-
able effect.

Because of the effects of non-ideal structures, second-order effects in
parameters, and numerous approximations in the derivation of the current-
voltage relationship, Equations 19 and 21 are used for a qualitative descrip-
tion of the actual device. Each individual design must be experimentally
characterized.
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For these reasons, and others, operatinq the CHEMFET in the constant
drain current mode is advantageous.

Review of Assumptions

The derivation of Equations 19 and 21 applies the most common simplifying
assumptions, the more important of which (a - e) are discussed here:

(a) One assumption is that a well-defined threshold voltage exists, and
that formation of the surface inversion layer begins as the gate voltage is
increased. This assumption is equivalent to stating that a sharply defined
semiconductor surface potential divides surface depletion and surface inver-
sion. In fact, this transition is continuous and, in conventional structures,
is a good approximation when gate voltage exceeds "threshold voltage" by 0.5
volts.

(b) The voltage drop due to a surface channel current (drain current)
has no effect on the thickness of the surface space-charge region. This
approximation can yield large errors in the magnitude of predicted drain cur-
rent in the saturation region, but the general shape of the drain current vs.
drain voltage curves is satisfactory; i.e., the qualitative features of the
device are not affected by this approximation.

(c) The doping of the semiconductor is constant near the surface where
the channel is formed--not a good approximation for many ion-implanted
structures.

(d) The channel length is large compared to the thickness of the deple-
tion region surrounding the p-n junctions.

(e) The source and substrate of the device are connected to a common
point in the external circuit.

Finally, under assumption (a), an equation relating the threshold volt-
age, VT, to the device structure is given by Equation 20.

CHEMFET

In the case of the CHEMFET, the gate metal is replaced by: a complex
structure consisting of a chemically sensitive layer (which may be part of the
uppermost layer of the gate insulator); a solution containing the ions of
interest; and a reference electrode. The terms in Equation 11, which are
unique to the metal gate, must be replaced with quantities which describe the
more complex CHEMFET structure.

According to the reaction characteristics of the species to be detected
and to the chemically sensitive layer, CHEMFETs can be divided into three
groups. These groups include devices, ISFETs, which will measure electrically
neutral molecules. ISFETs are analogs of ion-sensitive electrodes (ISEs) and
CHEMFETs, with a polarized solution-membrane interface.
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CHEMFET Sensitive to Neutral Species

One CHEMFET structure sensitive to neutral species is the palladium (Pd)
metal gate IGFET (5). Neutral hydrogen molecules under suitable conditions
are reversibly absorbed by the palladium (6) which, in turn, affects the work
function differential between the palladium and silicon and thus the flat-band
voltage, VFB, of the Pd-Si0 2 -Si structure (Eq. 2). Also, Equation 8 indi-
cates a corresponding change in the IGFET drain current, all other parameters
remaining fixed.

Importantly, even though the hydrogen enters the Pd gate as a neutral
species and changes VFB, the Pd-gate H2-sensitive IGFET must be operated
with a charge return path so that the gate voltage can be defined in Equa-
tion 8.

The flat-band voltage, VFB, is the sum of several terms. These terms
include the metal -semiconductor work-function difference, the electrostatic
effect of distributed charges in the insulator layer, and the interface states
at the insulator-semiconductor boundary. The most developed IGFET structure,
currently used for all CHEMFETs of practical significance, is the Si0 2 -Si sys-
tem. The microelectronics industry has achieved a detailed empirical under-
standing of this system.

Lundstrom and DiStefano (7) have suggested that "the change in energy
barrier at the Pd-Si0 2 interface is attributed to an interfacial polarization
layer and not to a change of the bulk metal Fermi level." In this case, this
conclusion (7) does not apply because the flat-band voltage, VFB, is not a
function of this barrier energy. Rather, the charge equilibration in the
IGFET system takes place via the charge return path, which consists of an
electrical connection from the metal gate to the silicon. Charge equilibra-
tion does not take place by charge transport through the insulator; therefore,
the barrier height for electrons between the Pd and SiO 2 cannot affect VT.

If the absorbed hydrogen induces a charge separation across the Si0 2

layer, the situation is different. This situation would introduce a net
charge on both the metal and semiconductor, and thus change the equilibrium
charge distribution of the system. A simple electrostatic analysis (2) shows
that the effect on VFB, due to a net charge in the oxide, is proportional to
the distance of the charge from the metal-oxide interface. If the charge in
the oxide is very close to the metal, the change in VFB is negligible.
Thus, a dipole located at the metal-oxide interface has no effect on VFB.

Another suggestion has been that neutral hydrogen atoms from the Pd-H2
interaction enter the SiO 2 , where they migrate to the Si0 2 -Si interface and
alter the interface state conditions--and this is the mechanism that results
in the change of VFB (8). However, this reasoning is contrary to the gen-

eral experience of the silicon MOS (metal-oxide-semiconductor) integrated cir-
cuits industry. Hydrogen is widely used to "quench" the interface states in
the Si-SiO 2 system. Proper annealing of the structure in hydrogen at elevated
temperatures (above 400 0C) will reduce to negligible levels the electrical
effects of interface states.

The long-term stability (in years) of the devices at 150°C, or below,
also attests to the stability of the hydrogen-quenched interface states. It
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seems unlikely that hydroqen atoms generated by the H2 -Pd interactions would
have greater mobility in Si0 2 , and be less stable at the Si0 2 -Si interface,
than hydrogen atoms from the more conventional annealing steps. If hydrogen
enters the oxide as a charged species with sufficient mobility to account for
the rapid response of the hydroqen-sensitive IGFET, hydrogen would also drift
rapidly under the applied gate voltane, thus making VFB dependent on the
magnitude of VG. Hence the effect of hydrogen on the flat-band voltage is
probably not due to charged hydrogen species in the oxide. The only accept-
able mechanism that explains the device's behavior involves a change in the
work-function difference between the palladium and silicon (5, 7-10). This
effect can be achieved through a change either in the bulk chemical potential
of the electrons in the palladium or, more likely, in the contact potential
between the palladium and the contact metal.

The response of the Pd-gate FET to hydrogen is shown in Figure 10. The
application of this sensor to smoke detection has been described by Lundstrom
et al. (11). Another secondary response of the device is to gaseous hydrogen
sulfide (12). Hydrogen sulfide (H2S) readily dissociates at the palladium
surface to sulfur and atomic hydrogen, which then diffuses into the palla-
dium. The sensitivity of this device in air at 150 0C is 1 mV (AVT) per
2 ppm H2S. The use of this type of device for det.ection of other dissociable
molecules, such as NH3, has also been suggested (13).

CHEMFET with Nonpolarized Interface--ISFET

Shown in Figure 11 is an ISFET structure in which the metal gate is
replaced with a reference electrode, solution, and an ion-sensitive membrane.
All other features of the device are protected by a suitable encapsulant. The
heart of the ISFET is the gate. As shown in a preceding section ( Current-
Voltage Relationships for the Insulated-Gate Field-Effect Transistor"), the
gate voltage, VG, controls the drain current, ID, in Equations 9 and 21.
To describe quantitatively the operation of the ISFET, a thermodynamic analy-
sis of the structure is necessary (Fig. 12). This structure depicts the
cross-section through the whole measuring circuit, including the reference
electrode and the connecting leads. It is also the simplest case--one in
which the reference electrode is of the first kind, described by the equilib-
rium equation:

M + -

An example of this type of electrode is a silver wire immersed in a solu-
tion of silver ions. The solution is assumed to contain a small amount of
ions which can permeate reversibly through the membrane, and a nonpolarized
interface is formed.

An example would be a solution, containing 0.1 M AgNO 3 and 1 x 10- 4 M
KN0 3 , in which the membrane would be potassium-ion sensitive. The insulator
is assumed to be ideal; i.e., no charge can cross it, and it is thicker than
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Figure 10. Response of palladium (Pd)-gate field-effect transistor to low
levels of hydrogen.

the electron tunneling distance (d >100 A). [See "Authors' Note," below.]
Layer 5 (Fig. 12) is the transistor semiconductor (such as silicon). The

AUTHORS' NOTE: In their recent paper, Bergveld et al. proposed a
schemati'ccTdiagram representing all CSSDs, including ISFETs (Fig. 2, in Ref
8). In their structure, the measured species are shown to move within the
whole structure of the device. We suggest that, if these species carry an
electric charge, Bergveld's structure cannot represent a CHEMFET in any
form--because charge can neither move within the gate insulator nor cross
boundaries with the adjacent layers. This point has its implications on the
equilibrium condition of the CHEMFET (vida infra).
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Figure 11. Ion-sensitive field-effect transistor in solution. [1 and 2 n-
type semiconductors; 3 = p-type silicon; 4 = solution retainer; 5
= insulator; 6 = metal contact; 7 = reference electrode; 8 = solu-
tion; 9 = ion-sensitive membrane; and 10 = suitable encapsulant.]

metal (Fig. 12: No. 6) will be identical to that in the reference electrode
(No. 1). The switch, SW, represents operation of the device when it is
closed.

The charge, field, 3nd potential profiles across the structure are shown
in Figure 12. This is, of course, a very simplified case. Omitted, for the
sake of simplicity, are: liquid junction; dual layer insulator; trapped
charges in the insulator; surface states at the insulator-semiconductor inter-
face; channel doping; and a multitude of connecting metals. Similar charge,
field, and potential profiles accounting for some of these elements have been
published (4, 14-16).

From a thermodynamics point of view, this is a multiphase system where
the Gibbs equation applies at equilibrium:

Zi dni i 0 (22)
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Figure 12. Cross-section of the ISFET structure shown in Figure 11, as well
as the local charge density, electric field, and variations in
potential.

in which dni is the number of moles of "species i" transported across individ-
ual interfaces, and i is the electrochemical potential of species i. Equa-
tion 22 can be expanded to yield the relationship:

~' ~~ E% J (23)

which simply expresses the fact that, in the case of an ideal insulator
(Fig. 12: No. 4), the only way this system can reach equilibrium is through
the external pathway (Nos. 1 and 6). If the switch, SW, is open, the
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situation is equivalent to operation without a reference electrode (or a sig-

nal return). Thus:

l (24)

The inequality of Fermi levels in metals (Fig. 12: Nos. 1 and 6) results
in the inequality of i3  and P5. Thus, the basic condition for stable
operation of the ISFET is not satisfied.

As mentioned in the "Introduction," some researchers originally claimed
that ISFETs could be operated without a reference electrode as a single-ended
probe (17-21). This point of view has been contested (4, 14-15, 22), and it
is now agreed that a signal return (reference electrode) is necessary for
stable direct-current operation. Controversy still exists, however, as to
whether ISFETs sensitive to electrically neutral species can or cannot be
operated without a reference electrode (as alrea discussed in the section on
"CHEMFET").

Following is an analysis of the circuit in Figure 12. The inner poten-
tial in the semiconductor (No. 5) can be expressed as:

l (e " e) (25)

in which ij5e is the chemical potential of an electron in the semiconductor

(the electron-lattice interaction energy), and 5 e is the electrochemical5

potential of an electron in phase 5, commonly known as the Fermi level. Simi-

larly, for the membrane (Fig. 12: No. 3) the inner potential, 03, is:

=2T - 13 ) (26)
zF

in which zi, the number of elementary charges, is positive for cations and

negative for anions; and 131 and 131 are the respective electrochemical and

chemical potentials of species i in phase 3. The potential difference across

the insulator ane semiconductor space-charge region is:

=1 (,e _ e 1 ( i - i(27)
5 "-3 F 5 F 3 " 3
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It is now essential to identify the relationship between species i in the mem-

brane (No. 3) and an electron in the semiconductor (No. 5).

We know that ion i can transfer from the solution (Fig. 12: No. 2) into

the membrane (No. 3). Thus, according to Equation 23, the electrochemical
potentials of ion i in the two phases must be equal:

- i 1 ~ i i Zi..
I 3 "2 :2 + LF 2  (28)

where t2 is the inner potential of the solution. Similarly, Fermi levels in

the semiconductor and the metal (Fig. 12: No. 6) are equal. Because the metal

(No. 6) was defined to be the same as the metal (No. 1: the reference elec-

trode), then:

,- e e (29)
'5 -'l = '" (2I

An equilibrium also exists in the metal between the cations and electrons:

HI  M I+ + e

for which we can formally write:

M +  e (3)

Substituting for pe in Equation 29 yields:

- e M M +

u5 -F l  (31)
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Combininq and rearranqinq Equations 27, 29, and 31 yields:

1 e M  + M )  - 1 i 3 i )  + (32)

3 .13 = F(0 5  z'iF (12 '3 2)l (2

The first term on the right-hand side of Equation 32 represents the contact
potential between semiconductor and metal. Also:

5 " = 1 (,5e _ ,le) = ,cont (33)

The second term can be related to the solution activity of the ion (Nernst
equation):

S i i + RT 1n a i (34)
1 F - 1 0 z i a2

where a3
1 is assumed to be constant and is included in term E0i. Finally,

(¢I -~ 2 ) is the reference electrode potential, EREF. Equation 32 can now
be written as:

t3/ ¢3-* ¢cn + RT 1n a I  E

=3 - 5 = cont +E i a - EREF (35)o z F

This equation is essentially identical with that derived by Buck and Hackleman
(15). The voltage across the gate insulator At/5 can be superimposed on an

externally applied voltage, VG, which has the same meaning and function as
defined in the theory of operation of the IGFET (in the section on the "Cur-
rent Voltage Relationships for the Insulated-Gate Field-Effect Transistors").

Combining Equations 19 and 35 yields:

UnCoWVD i n a2i +
DS nL (VG cont +E + ma EREF

Qss QB VD(36)

S0 2 ' F  T 0 T
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Defining VT* for the ISFET yields:

* i Qss +B
VT = cont Eo " - + 2¢F - (37)

0 0

The inclusion of the term Eoi (but not EREF) in the threshold voltage
is arbitrary. The reason is that the membrane is physically part of the
ISFET, and thus its standard potential should be included in VT*. On the
other hand, the reference electrode is a completely separate structure. The
final equation, for the drain current of the ISFET sensitive to the activity
of ions i, is:

1n C oWVD RT i  VD
(VG- VT - 1n V0 (8D L G V na EREF- T) (38)

zF

for operation in the unsaturated region; and

un CoW * RT Ina i 2

= no (V -VT RT n a' E )2(39)
D 2L G - T  2 REVz F

for operation in the saturated region.

In the previously derived drain-current equations, the reference elec-
trode potential was missing (19); and the poorly defined "membrane-
semiconductor" (4, 23), or "liquid-semiconductor" (24) work-function differ-
ence, was used instead of the contact potential.

An opinion exists that the thermodynamics of ISFETs is undefined because
the "reversible potential cannot be defined at the membrane-insulator inter-
face." Electroanalytical chemists often refer to nonpolarized electrodes as
"reversible." A polarized electrode is also thermodynamically reversible; but
it has one more variable (usually, charge) than a nonpolarized electrode--
that is, the interfacial potential can be measured directly only if the charge
density can be kept constant. Otherwise,7 the potential is observed to
"drift." This point has already been discussed in greater detail elsewhere
(16). "Nonreversible membrane-insulator interface" means a polarized inter-
face; i.e., a charged species cannot cross it. This reasoning is indeed true,
because the insulator is considered to be ideal; and, for the voltages
involved in these measurements, it behaves like an ideal insulator. In sum-
mary, a nonpolarized interface is unnecessary becaatus the charge transport
stops at this interface.
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TYPES OF CHEMFETS FOR DETECTION OF CHEMICAL WARFARE AGENTS

Enzyme-Coupled CHEMFET

The enzyme-coupled CHEMFET is a direct analog of the cholinesterase elec-
trode investigated by other groups (25-29). Its principle of operation is
shown in Figure 13. The underlying transistor structure is the same as that
of the ISFET already discussed (in the section on the "General Theory of Chem-
ically Sensitive Field-Effect Transistors"). The enzyme-containing layer
(Fig. 13: No. 1) is placed on top of the acetylcholine (or choline) sensitive
membrane (No. 2); and the substrate is dissolved in solution (No. 3). The
change of potential is related to the enzyme activity (28) which, in turn, is
controlled by the presence of inhibitors such as chemical warfare (CW) agents.

(1)-_/(2)

Figure 13. Structure of enzyme-sensitive field-effect transistor.
[() enzyme-containing layer; (2) choline-sensitive membrane; and
(3) solution.]
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The most significant advantage of such a system is its high sensitivity
which is due to the high turnover rate of the enzyme. The small size of the
active area of the CHEMFET (1,000 - 10,000 w2) would reduce the amount of
enzyme needed, thus reducing the cost.

Feasibility of the Enzyme-Coupled CHEMFET

The main disadvantage of this type of CW detector is its irrevers-
ibility. Also, the continous consumption and/or hydrolysis of the substrate
limits the usable lifetime to hours rather than days (27, 28).

Our conclusion is that this type of CHEMFET fails to meet the condition
of reversibility and lifetime. Possibly, the consumption of the substrate
could be reduced while the device is "on the shelf"--or the effect of spon-
taneous hydrolysis could be minimized (27). However, the very nature of the
action of CW agents (i.e., irreversible inhibition of cholinesterase) makes
rather dubious the prospect of this type of detector.

Galvanostatic CHEMFET

An oxygen-sensitive FET has been postulated (30) which would operate on
galvanostatic principles. In this device (Fig. 14), the electrochemical cell
consists of a working electrode (No. 1), a counter electrode (No. 2), and a
solid-state electrolyte (No. 3) that are placed on top of the insulator of a
conventional MOSFET. The gas to be analyzed diffuses into the electrolyte
(No. 3), and is reduced or oxidized on the working electrode (No. 1). The
voltage which develops between the two electrodes depends on the electrochem-
ical reactions. The feasibility of this approach depends on whether the
respective species undergoes an electrochemical reaction or has an inhibiting
or enhancing effect on another electrode reaction. Since the absolute detec-
tion limit for a direct oxidation-reduction is approximately 10-5 M (in
aqueous solutions), obtaining sufficient sensitivity would be unlikely even if
the direct reduction or oxidation of a CW agent were possible.

The catalytic effect (i.e., enhancement of the electroreduction-oxidation
of another substrate) offers some potential. Assume that the hypothetical
reduction of substrate oxidation takes place in the electrochemical cell shown
in Figure 14.

The current-voltage relationship is shown in Figure 15, curve a, where
the concentration of oxidation is assumed to be high (> 10-2 M). If the over-
voltage required for this process can be lowered by the presence of a CW
agent, the current-voltage relationship can be represented by curve b. The
two dashed horizontal lines represent a superimposed constant current. The
intercepts of these lines with current-voltage (I-V) curves in the absence (a)
or presence (b) of a CW agent represent the voltage (Ea or Eb, respectively)
across the electrochemical cell. If the working electrode is placed at the
top of the solid-state electrolyte and the counter electrode is connected, as
shown in Figure 14, then the change in Lhe polarizing voltage will be mani-
fested by the change of the drain current.
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Figure 14. Structure Nf galvanostatic type of field-effect transistor.
[(1) working electrode; (2) counter electrode; and
(3) solid-state electrolyte.]

In Figure 15, the vertical lines show a voltage limit (i.e., zener diode
in pirallel with the cell) which can be applied at the electrodes. Thus, theelectroreduction of the substrate oxidation would never take place in the ab-
sence of CW agent. This feature would lend itself to coupling a suitablealarm mechanism to the device. The same argument can be applied to a system
in which a CW agent catalyzes the oxidation of a substrate.

Feasibility of the Galvanostatic CHEMFET

This system is, essentially, an electrochemical cell coupled with anintegrated circuit. Many unknowns are involved in this scheme. (The electro-chemistry of CW agents in solid-state electrochemical cells is not known by
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Figure 15. Current-voltage (I-V) curve of the hypothetical electrochemical
cell. [Curve a = concentration of oxidation is high; Curve b =
overvoltage lowered by CW agent; Ea = voltage with CW agent
absent; and Eb = voltage with CW agent present.]

the authors.) The solid electrolyte galvanic cells for gas sensing usually
suffer from slow time response (31). This problem could be mitigated byensuring that the working electrode is at the top of the device, thus mini-
mizing the diffusion distance. This concept offers some possibility, particu-
larly 8ecause conventional catalytic currents permit detection of species down
to 1O-M concentrations. However, a thorough knowledge of the electrochemis-
try of CW agents in solid-state electrolytes, particularly their electrocata-
lytic properties, is a prerequisite.
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Catalytic CHEMFET

The principle of operation of the catalytic CHEMFET is shown in
Figure 16. A layer of CW agent reactive polymer (No. 1) is placed on top of
the ISFET (No. 2). The catalyzed decomposition of the CW agent takes place
inside the membrane. Products of the composition reaction (No. 1) diffuse
towards the ISFET membrane, where they cause a potential difference. N4ote
that a "solid" contact (No. 3) to the catalytic layer could be formed with a
gel reference electrode.

Feasibility of the Catalytic CHEMFET

a) With a catalytic CHEMFET, the diffusion of products through the cata-
lytic membrane and substrate limits the time response- -typicall1y on the order
of minutes (32). The device would thus fail on the basis of time response.

b) *The sensitivity of ion-selective membranes is typically 10-6 M. Mem-
branes with higher sensitivity (10-17 for S--) have been reported, however;
and these must be operated under special conditions (i.e., special ion buff-
ers). It should be noted that a hydrogen ion cannot be used as the indicator
ion, because the concentration range of CW agent is below the dissociation
constant of water (10-7 at 250C). Fluoride is one of the possible products
which could be detected using an F- ISFET. However, the sensitivity of LaF3
membranes is 10-6 M F-, at best. Therefore this sensor would fail with
respect to sensitivity.

Work-Function Dependent CHEMFET

To build a work-function dependent, gas-sensitive CHEMFET requires a gate
material whose work function can vary several orders of magnitude in the pres-
ence of small concentrations of a CW agent. Any material whose work function
(or Fermi Level) is a sensitive function of composition will probably be a
semiconductor. In general, metals are inappropriate because they have a high
density of electrons and large amounts of gas absorption would be required to
change their electrical properties. Insulators would be useless, since the
gate material must make an electrical connection to the circuit. To interact
specifically with a particular CW agent, the prospective gate material ouist
possess special chemical properties and probably will have to be an organic
material. Recent research in polymer chemistry has yielded several semicon-
ducting polymer materials (33). Many of these materials can have their elec-
trical properties changed by many orders of magnitude through a process analo-
gous to the doping of inorganic semiconductors. This doping is accomplished
by hanging side chains on the backbone of the polymer chain; if these side

* chains can couple into the electrically conducting bands of the main chain,
they may donate or accept electrons in a manner similar to that of the single
atom impurity donors or acceptors used in inorganic semiconductors to create
n- or p-type semiconducting devices (33). Thus, if it is possible to place,
in this way, side chains containing an organic complex that reacts readily
with one particular gaseous agent to produce electrons (or electron acceptors)
which interact with the main chain of an appropriate semiconducting polymer,
one can produce a CHEMFET device which will sense that particular gaseous
agent.

33



(3)

Figure 16. Structure of the catalytic-based field-effect transistor. [(I) a
layer of CW agent reactive polymer; (2) the ISFET membrane; and
(3) a "solid" contact to the catalytic layer.]

Although such a specifically reacting, semiconducting material might be
made through today's technology, a number of unanswerable, or partially
answerable, questions arise. These questions include reversibility, response
time, resistance to poisoning, ability to form an electrical contact, and sen-
sitivity.

For a device to be reversible, the polymer must maintain chemical equi-
librium with the species in the gaseous phase, and must not make a permanent
or near-permanent bond with the gaseous agent. On the other hand, to make a
sensitive device, one must be able to fabricate a polymer with a high affinity
for the particular agent.

It is desirable to build a detector with a short time response. To do so
requires a polymer structure that is relatively loose, to reduce the diffusion
coefficient, and that is as thin as possible. The first condition requires
proper application of polymer chemistry to minimize diffusion time. The
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second condition can be met with micron- or submicron-thin films. Submicron
films are technically feasible; however, if the film's thickness approaches
the Debye length of the conducting species (electrons or holes), the device
sensitivity will be reduced. Since the device sensitivity is increased (as
shown in the following) by using a polymer with a low initial concentration of
conducting species (and, therefore, larger Debye length), one must be aware of
this potential trade-off between response time and sensitivity.

Calculations of the Debye length and diffusion length provide estimates
of the acceptable film thickness and the CW agent diffusion coefficient needed
to satisfy the detection system specifications.

The Debye length describes the screening of electrostatic potentials by
the rearrangement of mobile charge carriers, and varies inversely as the
square root of the charge carrier concentration. A Debye length of 1 iM (10-4

cm) or less requires a carrier concentration of approximately 1 x 1013 or
higher.

In order to meet the response time requirement of a few seconds, the CW
agent species must diffuse through the membrane in a few seconds. To achieve
a diffusion length of 10 pm in 10 sec will require a diffusion coefficient
greater than 2.5 x 10-8 cm2/sec.

For a CHEMFET device to work, the gate (as well as the rest of the
device) must be in a well-defined thermodynamic equilibrium. Thus, one must
be able to make a well-defined, stable, electrical contact to the polymer
gate. This contact is not easy with most polymers, although adequate contacts
to achieve rectifying polymer diodes have recently been fabricated (34-36).

Other technical considerations in designing a specific gas-sensitive
polymer include the degree of specificity and the possibility of poisoning.
In other words, will the polymer be specifically absorbing for one and only
one molecule, or can other gaseous species interfere and give false alarms?
Conversely, can the device as a whole be poisoned and rendered useless by the
presence of a different gaseous agent? These problems must be considered in
the initial polymer design phase, and we shall assume they have been solved in
the following discussion of sensitivity and related parameters.

A hydrogen-sensitive FET (refer to the section on the "General Theory of
Chemically Sensitive Field-Effect Transistors") has recently been demonstrated
(5). This device uses a palladium metal gate to absorb gaseous hydrogen in
concentrations as low as a few parts per million (ppm). The absorbed hydrogen
appears to change the palladium work function, but the actual mechanism of
this change is still debatable.

Feasibility of the Work-Function Dependent CHEMFET

In the following calculations, when the gas agent ionizes in the polymer,
the agent is assumed to donate an electron to the conduction band of the
polymer. All of the following arguments hold true if the opposite effect
happens--that is, if holes are added to the valence band rather than electrons
to the conduction band; and, in such a case, the Fermi level is shifted by a
negative amount rather than a positive amount.
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The cross-section of a possible device geometry is shown in Figure 17.
For this device to work, the gate must be referenced to a well-defined poten-
tial; therefore, an ohmic contact must be made between the gate material and
the transistor substrate. In general, ohmic contact to conducting polymers is
not easy to achieve, and will depend critically on the particular materials
involved. Preliminary research that electrically characterizes the gate mate-
rials will have to be done before the working devices are fabricated. The
detailed band structure involved in these types of contacts is discussed else-
where (37).

(3)

Fiur 1. Strctuee s wokfnto eeDnfedfec trnio.

[1 organic polymer; 2 =insulator; and 3 = gate metal contact.)

The concentrations of all species will be in number per cubic centi-
meter. Thus, a concentration of 3 parts per billion (ppb) for a gas agent
corresponds to approximately 1011 molecules/cm3. The concentration of mole-
cules of gas agent in the polymer, CP., in equilibrium with the concentration
of molecules of gas agent in the air, Ca, is given by:

C13 = Ca (40)

in which a± is the solubility coefficient. Further, the concentration of
nonionized gas agent molecules in the polymer must eventually reach equilib-
rium with the concentration of ionized gas molecules. Assuming that the gas
agent becomes singly ionized:

Cp -C + +e (41)p. p

where e- is the electron donated to the conduction band.
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In equilibrium, a dissociation constantxists for the reaction described
in Equation 41:

K = [C+] [e-j (42)
[C p

or
2

Ke (43)

where ne is the concentration of electrons donated to the conduction band from
Equation 41.

For the semiconducting polymer:

n = no + ne  (44)

in which n is the total concentration of electrons in the conduction band; no
is the concentration of electrons which would exist in the conduction band
with no gas agent present; and ne is the additional concentration of electrons
donated to the conduction band due to the presence of the gas agent.

The Fermi level, EF, of the semiconductor can be written in terms of
the intrinsic Fermi level (when the concentration of electrons equals the con-
centration of holes), Ei, and the actual concentration of electrons, n, and
holes, p, in the material:

+ kT in n (45)Ef Ei 2-

or, equivalently:

Ef =E i +kT In n + ccistant (46)

in which k is Boltzmann's constant and T is absolute temperature (0K).
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Thus, changes in the Fermi level can be written as

LEf = kT n(47)

Changes in the drain current of a field-effect transistor can readily be mea-
sured for gate voltage (or work-function) shifts of 25 millivolts (mV).
Assuming that the Fermi level shifts by 25 mV, the required magnitude of the
dissociation constant, K, can be calculated. Equations 43 and 47 become:

ne (K a Ca
)1 1 2

_ a 1(48)
no  no

n0 n0

or 2
n

K= -0 (49)
OCa

Assuming the solubility coefficient, a, to be near unity, and Ca to be 1011
cm-3 (3 ppb), K can be estimated for different values of no . A semiconducting
polymer has been reported (35) with no as small as 1010, although a commonly
attainable value would be a few orders of magnitude larger.

If no were 1010, then K = 109; for a realistic maximum, if no were 1015,
then K = 1019. Neither of these numbers are unreasonably large, but their
attainability depends crucially on the polymer engineering of the semiconduc-
tor.

As already shown in Equation 19, the drain current, ID, for a MOSFET
is:

V2

W n C [(VG - VT) VD T ] (50)I L D - _72n ]

The prefactors are parameters of device geometry, substrate, and insulator
materials. The threshold voltage is given by:
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d

V + - - d P(x) dx (51)

T ris cF

The term ms is the work-function (of Fermi level) difference between the gate
material and the semiconductor substrate material. This term must have a
dynamic range. With proper ion-implanted channel, Equation 50, when an appro-
priate range of drain voltages is considered, reduces to:

ID = p (VG - VT) (52)

in which p is a parameter accounting for the device geometry except for the
gate. Thus, over a wide range of operating parameters, the device exhibits a
linear response to chanyes in the threshold voltage and, therefore, in the
work function.

CONCLUSIONS

Of the four types of CHEMFETs discussed in this report, only two cur-
rently have a chance to meet the CW agent detector specifications: the work-
function CHEMFET, and the galvanostatic CHEMFET.

The work-function CHEMFET seems to be the optimum candidate, but cannot
be thus designated until the electrical properties of the CW agent reactive
polymer have been determined. To obtain a 25 mV signal for a 3 ppb concentra-
tion of gaseous CW agent, the intrinsic electron density, no, must be on the
order of 1010 with a binding constant, K = 109. These are not unreasonable
membrane requirements for the present conducting polymers.

The galvanostatic CHEMFET is the second candidate. To realize this type
of sensor, the electrical characteristics of the polymer must be determined as
well as the solid-state electrochemistry of the CW agents. (Since these facts
are unknown to us, the feasibility of this device is rated significantly below
that of the previous type of sensor.)

Our overall recommendation, at this time, is that the electrical proper-
ties and binding characteristics of the candidate polymers be evaluated before
consideration is given to fabricating CW agent detector CHEMFETs.
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ABBREVIATIONS, ACRONYMS, AND SYMBOLS

CHEMFETs chemically sensitive field-effect transistors

CSSD chemically sensitive semiconductor devices

CW chemical warfare

FET field-effect transistor

IGFET insulated-gate field-effect transistor

ISA ion-sensitive electrode

ISFET ion-sensitive field-effect transistor

mA milliampere

MIS metal-insulator-semiconductor

MOS metal-oxide semiconductor

MOSFET metal-oxide-semiconductor field-effect transistor

mV millivolt

Pd palladium

ppb parts per billion

ppm parts per million

Si silicon

SiO 2  silicon dioxide

V voltage

I
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