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Abstract

Here we describe a novel ChemFET sensor array that utilises carbon black composite polymers for the detection of organic vapours.
Three vapour-sensitive composite polymers have been used as the gate materials of FET devices. A shift in the threshold voltage to toluene
is observed with a linear dependence to concentration (Henry’s law) and a voltage sensitivity of up to 2.8 uV/ppm. The effects of humidity
and temperature have also been examined and the magnitude of the response shows little dependence to humidity but an exponential fall
with increasing temperature. We believe that this reduction in response is primarily due to a modification in the bulk solubility of the
polymer. The shift in device threshold voltage is may be caused by a change in the work function of the polymer composite, a swelling
effect or a charge transfer effect. A generalised linear model is proposed here for the response of a ChemFET to an organic vapour at

different humdities. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The use of FET devices as gas sensors has been of interest
to researchers since first reported by Lundstrom [1]. These
sensors utilise catalytic metals, such as palladium, as the
gate material and show a high sensitivity to hydrogen and
other hydrogen-containing gases [2,3]. These so-called
GasFETs normally operate between 150 and 200°C and
are fabricated using a non-standard CMOS silicon process.
More recent research has concentrated on combining con-
ducting polymers with FET devices. Such conducting poly-
mer materials are attractive due to their ease of deposition,
variety of available polymer combinations and ability to
operate at room temperature [4,5]. Lately there has interest
in carbon black polymer composite materials, since there
discovery by Lundberg et al. [6]. These materials consist of
conducting carbon black spheres dispersed in an insulating
polymer and have been found to be sensitive to a broad range
of organic compounds. Present theory, for resistive devices,
suggests a swelling effect, in which exposure to the analyte
expands the polymer thus increasing the gap between the
carbon spheres and increasing the resistance of the polymer
composite film [7-9]. Therefore, the combination of con-
ducting polymers with MOSFET technology is attractive for
handheld instrumentation.

* Corresponding author.

Research into polymer/FET-based sensors (polFETs) has
previously concentrated on electrochemically deposited
conducting polymers and techniques based on spin coating
[10-15]. Both of these techniques have fashioned sensors
with sensitivity to organic compounds, such as ethanol and
isopropanol. Here we report on a novel conducting polymer
gate FET sensor, based upon carbon black polymer compo-
site films as the gate electrode. We also present the sensors
response to two analytes, toluene and ethanol and the
sensors’ dependence to humidity and temperature.

2. Device fabrication and polymer deposition

The device comprises an array of four n-type enhanced
MOSFET sensors together with a p—n thermodiode, fabri-
cated by the Institute of Microtechnology (IMT at the
University of Neuchatel, Switzerland). The MOSFET chan-
nel, with typical dimensions of 10 pm x 300 pm (length/
width), is meandered to reduce the electrical resistance of
the polymer gate and to reduce the overall physical size of
the device. The NMOS devices are fabricated using a p-well
technology [16]. The devices are initially fabricated with a
solid gold electrode (Au: 120 nm/Ti: 30 nm) over the chan-
nel area covered by a passivation made of a PECVD
oxinitride or nitride film. The solid gold gate electrode
protects the silicon oxide gate insulator (80 nm) when the
passivation film is etched away over the gate area. Then the
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Fig. 1. Photograph of device showing FET with a solid gold gate and an open channel.

gold is either etched away to expose the gate oxide (opened)
or left solid (closed). Such a configuration allows the sensing
polymer to be deposited over the gate oxide or gold film. A
photograph of the cell before polymer deposition is shown in
Fig. 1 with two opened and two closed channels. The four
MOSFETs are configured with a common gate and drain and
are operated in the saturated region by a constant current. A
schematic of the connectivity and operation of this device is
shown in Fig. 2.

Three different polymer composite films have been
deposited, poly(ethylene-co-vinyl acetate), poly(styrene-
co-butadiene) and poly(9-vinylcarbazole) each mixed with
a 20% carbon black loading by weight. The polymers were
sprayed onto the device, by Cyrano Sciences™ (USA),
using a BioDot XYZ Platform (BIODOT, Irvine, USA),
which combines a motion control unit with AirJet 2000™
dispenser. The polymer films were deposited at room tem-
perature (21°C) by spraying from a height of 12.4 cm above
the device at 10 PSI with toluene as the solvent. This forms a
circular covering over the FET devices.

The thickness of the polymer film was measured using a
Wyko™ NT-2000 interferometer. This instrument uses
optical phase shifting and vertical scanning interferometry
to create a three-dimensional surface profile of the polymer.
Fig. 3 shows a 2D top view image of poly(ethylene-co-vinyl
acetate) deposited onto the FET structure. The polymer
thickness in the sensing area has been shown to have only
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Fig. 2. n-Channel polFET sensor circuit.

a small deviation (=10%). These results were verified using
a Nanostep 2010 (Rank Taylor-Hobson, UK) that uses a
stylus to produce a profile of the film. Typical polymer
thicknesses of the three polymers are given in Table 1.

Further to these polFET sensors, a standard resistive
sensor was used to benchmark the responses. The resistive
device comprised a simple passivated silicon substrate with
two gold electrodes, 50 um apart deposited on top. A coating
of poly(styrene-co-butadiene) was deposited over these two
electrodes to form the chemoresistor.

3. Experimental set-up

The sensors were placed within an automated flow sys-
tem, consisting of a PC running National Instruments™
LabVIEW software, solenoid valves and mass flow con-
trollers. This was used to deliver various concentrations of
analyte and water in air over the sensors, based on bubbling

Carbon black composite polymer
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Fig. 3. Profile of composite poly(ethylene-co-vinyl acetate)/carbon film.
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Table 1
Thickness of carbon black composite polymers

Polymer Maximum thickness of polymer (pm)
Poly(ethylene-co-vinyl acetate) 2.5 +£0.20
Poly(styrene-co-butadiene) 3.7 £0.25
Poly(9-vinylcarbazole) 1.9 £ 0.15

of purified air through a fine sinter in an analyte. A Dreschel
vessel, containing the analyte, sits in a re-circulator cooling
bath NESLAB RTE-300. By altering the temperature of this
cooling bath, the maximum vapour pressure of analyte can
be controlled. This carrier gas containing analyte is diluted
by a dry/wet air line combination at various flow rates to
achieve the required water and analyte concentrations, with
a total flow rate of 300 ml/min. Further details are published
elsewhere [15]. )

The sensors were placed in a DRI-BLOCK™ (DB-2D)
heater for a period of 24 h to equilibrate before testing, and
operated at a constant current of 10 pA with the gate/drain
source (Vgps) voltage monitored. Each sensor was exposed
for 60 min at a particular humidity to create a stable base-
line, then exposed for a period of 1500 s to a selected analyte
followed by 1500 s recovery time at the initial humidity
level. The sensors were tested at six different concentrations
of toluene and ethanol (605, 847, 1210, 2663, 3995 and
5691 ppm of toluene and 2665, 3732, 5331, 11729, 17593
and 25058 ppm of ethanol) and at four different humidity
levels (3000, 4500, 6750 and 9853 ppm of water, typically
10-45% RH and 20°C). Fig. 4 shows a typical response of a
the polFET sensor with a poly(styrene-co-butadiene) coat-

0.625

ing to toluene at fixed temperature and humidity (37°C/
4500 ppm water in air).

4. Results

Initial testing at a fixed humidity and fixed temperature
showed all three polymers exhibiting a linear change in
threshold voltage to toluene concentration, as shown in
Fig. 5. The voltage sensitivity coefficients of the polFETs
to toluene was found to be 2.8 uV/ppm for poly(9-vinylcar-
bazole), 1.7 pV/ppm for poly(styrene-co-butadiene) and
—0.48 uV/ppm for poly(ethylene-co-vinyl acetate). Experi-
ments performed using ethanol, showed much smaller
responses with sensitivity values of 0.34 pV/ppm poly(styr-
ene-co-butadiene), 0.13 pV/ppm for poly(9-vinylcarbazole)
and —0.07 pV/ppm poly(ethylene-co-butadiene) also exhi-
biting a linear dependence. Typical time responses of the
sensors was in the order of 300 s, though showed a diffusion
limited response not a reaction limited response.

The effect of humidity on the magnitudes of the response
and sensor baseline was also investigated. The effect of
humidity on the baseline is shown in Fig. 6 for two of the
polymers. Here the Vgpg value has been subtracted from an
estimated Vgps at a humidity concentration of O ppm (esti-
mated values of poly(styrene-co-butadiene) is 0.685V,
poly(ethylene-co-vinyl acetate) is 0.556 V) and the results
fitted to a Langmuir isotherm. Typical device sensitivity
to water, at 37°C, was measured for poly(styrene-co-buta-
diene) at —2.0 uV/ppm and for poly(ethylene-co-vinyl
acetate) at —3.1 pV/ppm. The baseline of poly(9-vinylcar-
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Fig. 4. Typical response of poly(styrene-co-butadiene) FET to toluene to six concentrations at 37°C.
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Fig. 5. Typical response of three polymer FET devices to toluene vapour in air.

bazole) coated FETs showed no measurable response to
humidity on its baseline value during our test. Also mea-
sured was the effect of temperature on humidity response,
which showed a reduction in the humidity dependence with
increasing temperature; typical values of 1.5 pV/ppm poly(-
styrene-co-butadiene) and 2.6 pV/ppm for poly(ethylene-
co-vinyl acetate) at 67°C were observed. Further to this, all
the polymers showed no significant effect of humidity on the
magnitude of the response to the analytes. Fig. 7 shows the
response of poly(styrene-co-butadiene) at three fixed analyte
concentrations with humidity. It was also found that the
chemoresistor showed no effect on either its baseline value
or the magnitude of its response to the humidity level.

Poly(styrene~co-butadienc) - 670C
Poly(styrene-co-butadiene) - 370C
Poly(ethylene-co-vinyl-acetate) - 670C
Poly(ethylene-co-vinyl-acetate) - 370C
—— Langmuir Theory
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Fig. 6. Effect of humidity on the baseline of two FET devices at different
temperatures.

The temperature dependence of the response and of the
baseline was measured for the polFET sensors for both the
solid gold and polymer gate devices. The gold gate FET
showed an exponential increase in baseline value with
increasing temperature, while the polymer devices show a
significant linear decrease in baseline for all the polymers.
Typical voltage sensitivity values for the gold gate were
13.14 pV/°C and for the poly(styrene-co-butadiene) gate
—2.8 mV/°C. Fig. 8 shows the effect of temperature on
the baseline of a poly(styrene-co-butadiene) and solid gold
FET device. Further experiments showed a reduction in the
magnitude of the response, at fixed concentration and
humidity, with increasing temperature following an expo-
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Fig. 7. The effect of humidity on the response of poly(styrene-co-
butadiene) coated FET at three different concentrations of toluene vapour.
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Fig. 8. The effect of temperature on the baseline of a polymer FET and
solid gold gate FET sensors.
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Fig. 9. The effect of temperature on the magnitude of the response of
poly(styrene-co-butadiene) FETs at various levels of toluene vapour.

nential function shown in Fig. 9. This shows the temperature
dependence of the response at five different toluene con-
centrations. Measured sensitivities at 67°C was found to be
—0.2 pV/ppm for poly(ethylene-co-vinyl acetate), 0.13 pV/
ppm for poly(styrene-co-butadiene) and 0.50 pV/ppm for
poly(9-vinylcarbazole) in comparison to the initial value
stated earlier at 37°C.

A set tabulated results for the coefficients of concentra-
tion, humidity and temperature are given in Table 2.

5. Analysis and discussion

To analyse the results, it is first useful to examine the
theoretical equations that characterise FET device. The
standard equation for a standard solid metal gate n-type
MOSFET in the saturated regime is

ips = gm(Vaps — Vr)* = K (D

where Vgps is the gate/drain voltage commoned to source,
V1 the threshold voltage, k a constant here and g, is given by
w

8m = ,uncof =a (2)

where W/L are the channel width and length, C, the oxide
capacitance per unit area, u, the carrier mobility and a is
constant in our circuit. A change in ipg in terms of k¥ may be
written as
ok oK ok

Oips = =—0gm + =———9Vgps + =——0Vr =0 3

DS = 5 &m BVans Vs + gy OV 3)
Since these polFET sensors are operating at constant current
and so Vgps is measured then from Egs. (1) and (3)

(Vops — Vr1)08m

OVgps = OVt —
28m

4)
Thus, from this basic equation, we can define the expected
effects of changes in concentration, humidity and tempera-
ture on changes in Vgpgs for the active sensor.

6. Effect of gas concentration on response

From the results section we have seen that the response of
the FET sensor, at fixed temperature and humidity follows a
linear function. As the parameter g, is independent of
concentration, then Eq. (4) simply becomes

dVeps _ dVr
dc  dc

and so the change in gate/drain voltage equals the change in
threshold voltage. Assuming that the threshold voltage is a
linear function of C, then

V1 = Vo + kCp, AVy = Vp — Vo = kCp (6)

®)

where Cp is the concentration of molecules of analyte in the
polymer and equals product partition coefficient and analyte
concentration and k a sensitivity coefficient. Results support

Table 2

Tabulated coefficients for polFET sensors

Polymer dVips/dCe|r_psec (WV/ppm) dVgps/dCr|7_psec (WV/ppm) dVgps/dCuly_psec (WV/ppm) dVgps/dT
Poly(ethylene-co-vinyl acetate) —-0.48 —-0.07 -3.1 —3.0 pv/eC
Poly(styrene-co-butadiene) 1.7 0.34 —-2.0 —2.8mV/°C
Poly(9-vinylcarbzole) 2.8 0.13 0 —1.0 pv/°C
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the linear model, i.e. Henry’s law, hence k is a constant at
constant temperature. It should be noted that these expres-
sions are based on the concentration of an analyte within the
polymer, which is a function of Kp the ratio of analyte
concentration in the carrier gas to the concentration in the
polymer. McGill et al. [17] stated that this was related to the
linear salvation energy relationship which relates the loga-
rithm of the partition coefficient (Kp) to parameters describ-
ing the properties of both the polymer and the solute, so
AVt = kCp = kkpC,. Previous work with electrochemical
deposited polymers [10], indicates that this shift in the
threshold voltage is brought about by a modulation in the
work function at the polymer and semiconductor interface,
through the flat-band potential, i.e. AVt ~ A¢pg. We believe
in this case that the change in threshold has two possible
further mechanisms. Firstly it could be due to a partial
charge transfer from the analyte to the polymer, with the
polymer behaving as an acceptor or donor for electrons.
Secondly it could be due to a swelling effect of the polymer,
that increases the distance between the conducting carbon
spheres, hence modulating average work function of the
carbon balls and the polymer. This swelling may be thick-
ness-dependant because the layers above the polymer/insu-
lator interface may restrict the movement of the polymer at
this interface.

It is probable that the response of the sensors shows a
combined work function (electronic) and swelling effect
(mechanical). For a swelling effect, the shift in the compo-
site work function (¢pc) will be a combination of the carbon
sphere volume fraction f and the individual work functions
of the carbon (¢c) and the polymer (¢p), hence

bpc =fedpe + (1 —fo)bp (7

Obviously the change in work function due to partial
charge transfer is also a function of coverage and by
combining the two effects and differentiating, as a function
of concentration, we have

deppc _ dfec dfc dep

ac —Ef/)c—f(ﬁp‘*‘(l —fc)f (®)
dgpc _ dfc dép

o —EWC—%)‘*‘(I —fc)f 9
It should be noted that if ¢p ~ ¢, then Eq. (9) reduces to
ddpc o\ _ o d%p

ac (1 —fc) e (10)

where the average shift in simply reduced by a constant of

(1 —fo).

7. Effect of humidity on magnitude of response and
baseline

From various humidity tests, we can state with a degree of
confidence that poly(ethylene-co-vinyl acetate) and poly(-
styrene-co-butadiene) are hydrophilic materials and poly(9-

vinlyacetate) is a hydrophobic material. The effect of
humidity on the hydrophilic sensors has been shown to
follow a Langmuir isotherm, which suggests that there is
a limited number of absorption sites for the water molecules
to bind. The threshold voltage with humidity at zero or
constant analyte concentration, can be written as

aK CH

AVile, ™ T Ky

1D

where Cyy is the concentration of water and K the reaction
coefficient and o a constant. We postulate here the observed
response may be due to water molecules forming a dipole
layer with the dangling oxygen molecules on the surface of
the gate oxide. This adds to the potential already applied to
the gate shifting the threshold voltage of the polFET sensor.
This is supported by the observation of Langmuir isotherm
response as water vapour increases then the occupancy of
sites at the oxide interface increases, thereby increasing the
dipole filed and hence the threshold voltage. The hydro-
phobic polymer does not allow water to reach this polymer/
oxide interface and so the baseline is not affected by
humidity. Furthermore, such humidity dependence is not
observed with the resistive device which operates simply on
a bulk swelling model. This undesirable sensitivity to water
of the polFET may be removed by using an alternative gate
insulator, such as silicon nitride.

The total effect of analyte and water vapour on the sensor
is a combination of these two effects and because no cross
sensitivity term was observed, the FETs follow

bKyCyx
Vr = Vio +akKtCtr + ——— 12
T To tCr (T + KnCr) (12)
bKyCx
AVt =aKiCr +——— 13
T tCr (T + KnCr) (13)

where Cr is the concentration of toluene and Ky is the
partition coefficient.

8. Effect of temperature

The effect temperature on both the magnitude of the
response of the sensor and the baseline for a solid gate
device has been shown to follow an exponential function.
The effect of temperature can be investigated by solving

dVeps _ dVr  (Vops — Vr) dgm

14
ar ~ dT 2¢m  dT (14

If we first consider the effect of temperature on the baseline
for a standard solid gate MOSFET, without a vapour sensi-
tive layer, then the effect of the temperature on the threshold
voltage is minimal (dVr/dT =~ 0) and so the temperature
only effects the g, term. Separating this term out we obtain
dgm W {c' du, dc’]

dr 2L +

— 1
ar g7 (15)
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Since the change in capacitance per unit area is not very
temperature-dependant then, and using Eq. (2), Eq. (17)
reduces to

d d

98m  8m iy (16)

dT  p, dT

Then,

dVeps _ —(Vaps — Vr)dInp, a7
dr 2 dr

From well-known FET properties, we can state that the
majority of the shift in Vgpg is due to a modification in the
carrier mobility (exponential function), as observed with the
solid gate FETs. If this was the only effect then the shift of
the solid gate devices would be the same as the polymer
device. Results have shown that temperature effect of the
gas-sensitive devices are a magnitude greater than the solid
gate sensors, furthermore this does not account for the
reduction in the magnitude of the response of the sensor
to analyte with temperature. Hence, any further effect there-
fore must be due to a shift in the threshold voltage for
devices with gas-sensitive layers. A possible mechanism for
the reduction in response at constant concentration was
described by Hang et al. [18]. He showed that the bulk
solubility and so concentration of a solvent within a polymer
reduces with increasing temperature. Hence, even if the
concentration of solvent or water is constant in the gas
phase, the increase in temperature will reduce the concen-
tration within the polymer and so reduce the magnitude of
the response. Thus, for a coefficient k,, defined as gas
volume dissolved in 1cm?® at a partial pressure ¢; for
molecules i, the ratio of the concentration of solvent in
the polymer to the concentration in the same volume of gas
can be expressed as

Ci poly
. (1)
Ci.gas

This was shown to be equal to

4.4T, 0.43 AS°
RERSLISRYY
T R
where Ty, is the boiling point of the solvent, %, the entropy
and R the gas constant. This assumes an ideal mixing of
molecules and entropy of evaporation of 85 JK ' mol .
Thus, we can define the effect of temperature to be
1

log(kp,g) o T (20)
Since the concentration of analyte in the gas above the
polymer is constant, the shift in the threshold voltage can
be expressed as

IOg(kp.g) = (19)

Vi = Vo + k’kp,gCg (21)

where the shift in the threshold voltage is a function of the
concentration of analyte in the polymer and k' is the tem-
perature dependant term for the bulk solubility. From the

1316 PPM Tol.
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5793 PPM Tol
12378 PPM Tol.

44080

AVgps (mV)

0.1 T r T T T T r T T
0.008 0.010 0.012 0.014 0.016 0.018 0.020 0.022 0.024 0.026 0.028

1/Temperature (°C -1 )

Fig. 10. An exponential fit to the temperature dependence of a poly(styrene-
co-butadiene) coated FET device.

previous section we can state that the effect of analyte on the
response of the sensor is a linear function, hence the
magnitude of the response will decrease as an exponential
function of 1/T. Plotting response for 1/7, with a logarithmic
scale, shows a linear dependence verifying this first-order

effect, see Fig. 10. Differentiating in terms of k,,, with
temperature dependence we have

dk, 44T,

=) 22

If we then assume that the shift (dk, ,/dT) is equal to the
shift in the threshold voltage (dV1/dT). Then the final effect
of temperature on the magnitude if the response (dVgps/dT)
will be a combination of the shift in the threshold voltage
(dk/dT) and the change in the conductance, brought about by
a modification in the carrier mobility (du,/dT). The same
effect is also observed with for temperature on humidity
concentration, as shown in Fig. 6, where an increase in
temperature reduces the shift in the threshold voltage from
the RH = 0 level, due to a reduction of water molecules in
the polymer.

The effect of temperature on the baseline shows a linear
reduction in value with increasing temperature at constant
humidity and zero analyte concentration. If the shift in this
baseline was simply an effect of a change in the bulk
solubility to water we would expect an increase of the
baseline with temperature. Furthermore, the magnitude of
this shift is significantly greater than the effect of humidity
or analyte on the sensor, thus further effect is observed. A
possible explantion is due to linear thermal expansion of the
carbon black/polymer composite material, where tempera-
ture is swelling the polymer and so increasing the distance
between the carbon spheres. This will again alter the average
work function of the composite polymer, shifting the device
threshold voltage. To an extent this is supported by results
from the resistive devices, where the base resistance of the
device increases with temperature. This may also be due to a
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thermal expansion of the polymer increasing the resistance
of the film.

9. Conclusions

Here we report on a new type of polymer-based ChemFET
sensor employing a carbon black/polymer composite gate
material. Results have shown a linear dependence to analyte
concentration, which we believe is associated with a com-
bination of swelling effect and change in the work function
of the polymer and the analyte. Furthermore, it has been
found that humidity does not affect the magnitude of the
response, though does affect the baseline of the sensor,
though the polymer with the highest sensitivity to toluene
poly(9-vinylcarbazole) shows no baseline dependence to
humidity. This is possible due to the formation of a dipole
layer at the oxide/polymer interface. The polymers were also
shown to exhibit significant temperature dependence both on
the baseline value and in the magnitude of the response, and
typically follow an activated function. This we believe is due
to thermal linear expansion and a change in the bulk
solubility of the polymer.

The ease of film deposition and the many available
polymers make these materials attractive for gas sensors.
This deposition technique means that these polymers can be
deposited onto almost any substrate, thus it is possible to
combine these materials with standard CMOS technology to
create, low cost, repeatable sensor structures for the low
power hand-held electronic nose market.
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