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Abstract

A gas senditive field effect transistor with a conducting polymer gate is described (polyFET). The devices were fabricated as gateless
FETs in an aluminium gate pMOS process. Post-processing steps were performed to provide the gateless devices with polypyrrole gates.
On exposing the transistor gates to volatile compounds, the polyFETSs experience a change in their threshold voltage which, in an
appropriate circuit, manifests itself as a change in drain-source current. A number of results are presented. © 2000 Elsevier Science SA.

All rights reserved.
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1. Introduction

Gas sensors based on arrays of different conducting
polymers have largely concentrated on monitoring the
change in resistance which accompanies the polymers
exposure to the gas sample under consideration. There are
other properties of conducting polymers apart from bulk
resistance that change upon exposure to volatile com-
pounds. Blackwood and Josowicz [1], for example, tabu-
late work function changes on exposure to more than 30
volatiles. They report absolute values as high as 350 meV
change. The work function of the gate material of Metal
Oxide Silicon Field Effect Transistors (MOSFETS) is one
of the factors which determines the threshold voltage of
these devices. A discussion of MOSFET device character-
istics can be found in Sze [2]. These devices normally
operate in the saturation or non-saturation modes described
semi quantitatively by Egs. (1) and (2), respectively.
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Here, 15 represents the drain/source current through
the transistor and W/L defines the dimensions of the
transistor gate. V; is the threshold voltage. Clearly if V;
changes there will be a corresponding change in |pg
provided that Vzg and Vg remain constant. The threshold
voltage itself is described by an equation of the form:
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The important term here is ¢, as it represents the
work function difference between the gate materia and
silicon.

2. The new polyFET

The present work was motivated by the desire to find
simple ways of constructing gasFETs [3]. The gateless
PMOS devices that were used in this exploratory work
were supplied by the National Microelectronics Research
Centre in Cork, Ireland [4]. The chips were supplied on a
4-in. wafer with each chip consisting of two gateless FETs
and one FET with an aluminium gate. The team working at
UMIST have devel oped techniques for chemically deposit-
ing a base conducting polymer layer from pyrrole vapour
(CVD). By using standard photolithographic techniques,
the resulting polypyrrole (PPy) thin film can be easily
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Fig. 1. Photomicrograph of gateless FET chips after fabrication of PPy gates and addition of gate contact. (Chip dimensions approximately 5 mm x 4 mm).
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Fig. 2. Response of a polyFET to ethanol vapour.
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Fig. 3. 1-V characteristics for a polyFET at different concentrations of ethanol vapour.

etched in an oxygen plasma, [5]. Fig. 1 is a photomicro-
graph of a processed chip. The black squares are PPy and
cover the exposed gates of the two FETs. The resulting
polyFETs have gate dimensions of width (W) equal to 400
pm and length (L) equal to 20 um. The PPy, therefore,
overlaps the transistor gate by a huge amount. This was
purely for convenience and to facilitate an electrical con-
tact to the gates. This latter is achieved by means of the
aluminium pad visible between the two PPy gates.

2.1. Testing the polyFET

These devices were tested in an Injection Flow Analysis
(IFA) rig developed by one of the authors (JAC). This IFA
rig alows the concentration of a volatile organic com-
pound, in vapour form, to be mixed with two air lines; one
saturated with water and the other dry to produce an exact
concentration of analyte at a specified humidity. The
polyFETSs were packaged in a 14 pin DIL ceramic package
and tested with ethanol at concentrations of 5%, 7.5%,
10%, 22%, 33% and 47% which correspond to 2634, 3687,
5267, 11588, 17382 and 24726 ppm respectively. These
sample concentrations were then tested at relative humidi-
ties of 10, 22, 33, and 47%. An example of a result of a
polyFET at a fixed gate potential is shown in Fig. 2. This
was driven with a constant drain and gate voltage of —0.5
V and shows the response at a fixed humidity of 33% RH.
As can be seen from this figure, though the signal is small
and noisy, the polyFET is responding to the ethanol. The
reason for some of the device noise is that the substrate tap
on the sensors was compromised while the polymer was
being deposited. A direct link to bulk substrate had to be
made to allow the devices to operate and this was not an

ideal situation. Also the age of the polymer has reduced
the response of the sensors.

The responses manifest themselves as an increase in the
drain current in the FET devices. This increase in current
can be equated to a reduction in the threshold voltage of
the pFET device. The 1-V characteristics of these devices
have also been investigated, an example of which is shown
in Fig. 3. This figure shows that the characteristic curves
of the polyFET devices has shifted with exposure to
ethanol at a fixed gate voltage and that the current through
the device has increased.

The drain current increases that are observed is an
effect of the change in work function of the MOSFET
device, which manifests itself as a change in the threshold
voltage, (Eq. (3)). Thus, to analyze the response of the
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Fig. 4. Langmuir isotherm fit to the response of a polyFET at 22% RH.
Vogs=—06V, Vpg=—-04V.



256 J.V. Hatfield et al. / Sensors and Actuators B 65 (2000) 253256

R(Sqr) = 0.988

Response in uA

0 1‘0 20 30 4‘0 50
Concentration of Ethanol
Fig. 5. Langmuir isotherm fit to the response of a polyFET at 10% RH.

Vgs=—06V, Vpg=—04V.

sensor we equate the change in drain current to the shift in
threshold voltage. If we consider the equation, which
defines MOSFET operation in the linear region (Eq. (2)),
we can write the following expression by considering only
the change in threshold voltage to the response of the
sensor:

Algg ot AV, (4)

It is possible to consider the responses in the saturated
region though this produces a quadratic expression which
is more difficult to analyze. An empirical fit to this
response curve is given by:

AV,

“1rkc )

where AV, is the maximum response and C is the
concentration of analyte. A chemical model for this re-
sponse, which is usually applied to conducting polymers,
is a Langmuir isotherm [6] and so its application to a FET
device would be:

kC
1+kC

AV,

AV =A (6)
where k is the ratio of forward and backward reaction
rates (i.e., binding constant), A is another constant, and C
is the concentration of the analyte as before. This equation
describes a model where the amplitude of the response is
controlled by the number of free sites available for the gas
or vapour to bond to. Thus, as the concentration of vapour
rises the corresponding incremental increase in the sensors
response gets less. The response of the polyFET devices
have been fitted to a Langmuir isotherm giving the curves
shown in Figs. 4 and 5. These graphs show that the
response of the sensors reduce with increased humidity.
This is expected with conducting polymer sensors as the

sample and water vapour are in competition for active sites
on the sensor.

It has previously been shown that the palladium gate
FET follows a Langmuir isotherm where the shift in
threshold voltage is given by [7]:

ay/Pe
N - (7)
1+ a\/P_c
This equation is similar in form to that of the polyFET,
where AV, is the maximum shift in the threshold volt-

age, « isaconstant and P, is the partial pressure of the
analyte.

AV; = AV,

3. Conclusion

We have studied the |-V characteristics of a polymer
gate p-channel MOSFET in air containing various concen-
trations of ethanol and water vapour. The drain current
broadly follows a simple chemical model based on a
Langmuir isotherm. We believe that in the case of the
polymer MOSFET, the ethanol vapour shifts the threshold
voltage V; of the device via a change in the work function
¢bns between the polymer and the silicon. At this stage we
do not know whether the bulk part or the surface part of
the work function (or both) is modulated. A useful discus-
sion of work function modulation effects is the review
article by Bergveld et al. [8]. There was also some evi-
dence of long term drift in the drain current which needs
further investigation.
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