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This paper describes the design of a silicon-based micro-
sensor array for application in gas or odour monitoring.
Individual sensor cells consist of both lateral and vertical
electrode pairs to measure film conductance and/or capaci-
tance. The fabrication process involves standard silicon
technologies to integrate a platinum or nickel-iron heater
below the sensor cells. A simulation of the device gives a
thermal response time of only 60ms and an ultra low
power loss of about 50mW at 400°C per sensor. This
compares well with experimental values observed on a
similar device. The process technology is suitable for both
the deposition of organic materials (e.g. conducting poly-
mers) and inorganic materials (e.g. semiconducting oxides).
A scheme of the transducer interface circuitry is also
provided, and could be used in a portable battery-powered
instrument. Copyright © 1996 Elsevier Science Ltd.

1. Introduction

he development of an integrated silicon
sensor array capable of discriminating
between simple and complex odours has
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received considerable interest in recent years [1].
Some advantages of silicon sensors are that they
offer the low power consumption necessary for
portable devices, possess a fast thermal response
time, can be made at low cost and permit the
integration of associated electronics. Individual
silicon sensor devices with a thin diaphragm
featuring very low power consumption have
been reported previously [2—4]. Compared with
individual sensor devices a sensor array has the
advantage of improved gas selectivity, lower
noise and reduced effect of poisoning through
superior data processing methods (e.g. adaptive
neural networks).

This paper describes the theoretical design of
such a microsensor array design which not only
features a very low power consumption but also
allows for great flexibility in the choice of the
gas-sensitive material, such as low temperature
organic materials (e.g. conducting polymers [5])
or high temperature semiconducting oxides [6].
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2. Device description

2.1 Cross-section

A schematic cross-section of one cell of the sili-
con array device in which the active film is
thermally isolated on a thin diaphragm is shown
in Fig. 1. The bulk silicon is removed using an
anisotropic back-etching process (e.g. KOH) to
leave the thin diaphragm. The sensing cell is
divided into two sensors. The first sensor
comprises a pair of interdigital co-planar elec-
trodes on top of which the sensing material is
deposited, and can operate in a trans-conductive
mode (termed lateral sensor). The second sensor
is a sandwich structure of two electrodes and a
thin gas-sensitive layer which can operate both
in the capacitive and conductive mode (termed
vertical sensor), thus measuring the change in
the electrical conductivity and dielectric constant
in the presence of gases. The integration of both
geometries in the same device (i.e. lateral and
vertical) gives a great flexibility in the sensor
response to various gases and also helps to char-
acterize fully the nature of the interaction
between the sensing material and a given gas
(e.g. reaction kinetics of the change in resistivity
and dielectric constant). The heater could be
placed on the surface and surround the sensitive
area [7], however a vertical arrangement [2—4] as
shown in Fig. 1 is preferable because it mini-
mizes the power consumption and size of active
area. The heater is sandwiched between two
layers to protect it from atmospheric contam-
ination.

2.2 Thermal losses and heater resistance
There are three main contributions to the total
thermal loss: first, a thermal loss due to conduc-

Lateral electrodes ~ Vertical electrodes

Fig. 1. Schematic cross-section of one sensing cell of a
silicon microsensor array device.
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tion through the diaphragm H,,; second, a loss
to the surrounding air due to the thermal
convection and conduction H,; and finally a loss
due to radiation H,. The total losses are deter-
mined by the geometric size (thickness &,
membrane length [ and active area dimension a),
the specific thermal conductivity ¢ of the
membrane material and the temperature differ-
ence AT. According to Dibbern [2] the total
power losses can be expressed as:

2n-0-h
W-FOMZ]AT (1)

H~H,+H,~ [
where the first term 1s due to conduction losses
while the second expresses the convection losses.
For a first order approximation the radiation
losses and the dependence of the convection
losses with AT? at high temperatures have been
neglected. In eq. (1) &= 0.35mW mm 2K,
l/a=3,h=10um and 6 =~ 2.5Wm 'K™! for
glasses or  oxynitrides; h=1um and
o~ 28Wm ' K" for silicon nitride.

The heater resistance R is approximately given
by:

R=p L =N-r (2)

w-t

where p is the resistivity of the heater material,
L is the length of the heater, ¢ is the thickness
of the heater layer, w is the width of one line of
heater, r is the resistance per square and N is the
square number. The power P}, developed by the
heater is P, = VhZ/R. For a value for P, of
150mW and a heater voltage 1}, of 5V the
resistance should be about 165€2. Please note
that the value of P, = 150mW is for two
sensors at 600°C which is equivalent with a

power consumption of S0mW per sensor at
400°C.

Several materials can be used to make the
heater, such as polysilicon, platinum or NiFe.
The material selected by Dibbern [2] was NiFe
(81:19) permalloy, which offers a high stability
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against electromigration and tolerates a current
density up to 10" A/m®. The specific resistivity
at 600°C 1is about 7.5 x 107" Qm. Permalloy
has a significant temperature coefficient of
resistance (TCR) which enables temperature
measurement by the heater itself, thus elim-
inating the need for an additional temperature
sensor. Another commonly used material for
the heater is platinum. Platinum is easy to
deposit and has a linear and stable TCR at
high temperatures. The compromise between a
relatively large sensitive area and a small active
area to minimize the losses leads to a value of a
of 0.5mm (4 is the dimension for the square
active area, as shown in Fig. 1). It should be
noted that although the resolution of micro-
lithography permits much smaller values of 4, a
very small sensitive area will adversely affect the
robustness of the sensor due to easier contam-
ination. Moreover, for conducting polymers,
the reduction of the electrode area is limited
by the ability of the potentiostat to grow
polymers reliably with minute currents [8]. For
a=0.5mm from eq. (1), one can obtain the
total  thermal losses in the device:
H, =135mW at 600°C. The electric power
will be slightly greater than the estimated
thermal losses. This is the reason that we have
already chosen Py, = 150mW. The shape of
the heater is given in Fig. 2 (top). There are
three basic requirements for the heater geome-
trical design: first, that the heater electrode
should cover uniformly the sensing area (to
avold any gradients in the temperature);
second, that the heater resistance is higher
enough at those dimensions to provide a driv-
ing voltage to be about 5V at the required
operating temperature; and third, that the
heater dimensions should be small (heater area,
heater thicknéss) to reduce the radiation losses.
The following dimensions for the heater have
been chosen for our particular design and in
accordance with our laboratory facilities [9]:
width of the heater truck w = 40 um, length of
the heater truck L = 480 um, the gap between
two trucks ¢ = 25 ym, number of trucks n = 8
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Fig. 2. Mask patterns for the cell heater (top) and sensing
electrodes (bottom). The top electrode location is repre-
sented by a dotted line.

and the thickness of the heater layer
t=0.5pum. The square resistance has been
evaluated at r=1.5Q per square, and the
numbers of squares N = 100.
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Fig. 3. Theoretical heater power consumption for oxynitride and silicon nitride membranes and test measurements for cera-
mic thick silicon and thin silicon substrates from [10)].

Figure 3 shows the theoretical heater power
consumption P, against the operating
temperature relative to ambient, AT. The
theoretical power losses estimated for the
oxynitride and silicon nitride membranes are
considerably lower than the experimental
values reported for ceramic, thick silicon and
thin silicon [10].

A two-dimensional numerical simulation using
the simulator TMA MEDICI [11] of the
lattice temperature distribution in the sensor
cell was performed. The bridge structure
shown in Fig. 1 was imported in MEDICI and
simulated using a non-uniform grid with high
density in the diaphragm area. The lattice heat
equation available in MEDICI accounts for the
conduction losses in the diaphragm and
outside the diaphragm frame. Simulations have
been performed on both silicon nitride
diaphragm (thickness=1um) and oxynitride
(thickness = 10 um). The results (Fig. 4) show
that the temperature is uniformly distributed
in the active area and decreases abruptly
outside the diaphragm area. This is consistent
with the temperature measurements of the
silicon substrate and diaphragm reported by
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Fig. 4. Theoretical temperature distribution in the cross-
section of the sensor cell. The power consumption in this
case is nominally 100mW per cell (50 mW per sensor).
Data extracted from numerical simulations using MEDICL
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Krebs and Grisel [4]. Low temperatures
outside the diaphragm area suggest that theo-
retically it is possible to integrate an electronic
transducer in the same chip with the sensing
device.
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Fig. 5. Thermal response of the diaphragm of the sensor
cell. The heater driving voltage rises from 0 to 4V in 1 ps.

The thermal response time to a rise in the
electric voltage applied across the heater elec-
trodes determines the maximum rate at which
temperature cycles can be run. It was
mentioned that one of the advantages of the
silicon sensors is their fast thermal response. In
Fig. 5 a numerical simulation of the thermal
response for an increase in the heater voltage
from 0 to 4V in 1pus is shown. The thermal
response time is very low and has a value of
around 60 ms.

2.3 The base-line resistance of the sensitive
element

The base-line resistance is defined as the resis-
tance in air under ambient conditions. For the
vertical structure, the capacitance Cy; and the
resistance Ry are given by:

€151

CO1 = h_l’ ROI =g (3)

where p,, &1, by and §; are the resistivity, the
dielectric constant, the thickness and the area
of the sensing material, respectively. For the
lateral sensor, the base-line resistance is written
as [9]:

Ry =" }2}02 : ! (4)
In 2—hz+

2
() +1

ws Wy

where p, and h, are the resistivity and the
thickness of the planar cell sensing material
respectively, /, is the total length of one elec-
trode and w, is the gap between electrodes.
For the design shown in Fig. 2 (bottom),
hy =1pm, §; = 480 um x 160 um, hy = 1 um,
wy =15pum, I, =2.4mm. p, and p, vary for
various sensing materials (metal oxides, poly-
mers) between 1072 and 10° Om.

3. Fabrication process

The technological process proposed for the
fabrication of these devices uses eight photo-
graphic masks. In the case of tin oxide deposi-
tion: Maskl — photolithographic patterning of
the heater (Fig. 2 top); Mask2 — photolitho-
graphic patterning of the sensing element elec-
trodes (Fig. 2 bottom); Mask3—tin oxide
deposition; Mask4 —top porous thin electrode
deposition (in the sandwich cell), Mask5—
diaphragm formation, anisotropic back etching
of silicon using a silicon oxide layer as a stop and
KOH as etchant; Mask6— photolithographic
opening of windows in diaphragm material (in
the outer frame) to form contacts with the top
electrodes; Mask 7 — photolithographic opening
of windows in diaphragm material (in the outer
frame) to form contacts with the bottom heater
layer; Mask8 —to increase the metal thickness
in the pad zones. For more details of a possible
fabrication process see [12].

For polymer films that react with gases at
temperatures less than 120°C, a simplified
process using only five masks (masks 3, 5 and 7
are removed) can be employed. Although the
use of polymers as the active material reduces the
number of masks and eliminates the need for a
thin suspended diaphragm structure, special
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deposition equipment is needed to grow the
polymer on chip [8]. Presently, polymer research
is being directed towards the control of the
electrical properties of conductive polymers, in
particular the base-line resistivity, the drift in
time, and temperature [13].

3.1 Diaphragm film deposition

The most important part of a silicon array device
which is required to operate at high temperature
is the diaphragm. The material and method of
deposition determine clearly the mechanical
stability, stress and low power consumption of
the diaphragm. Oxynitrides or a sandwich
combination between plasma oxide and plasma
nitride (to compensate for the stresses) seem to
match our requirements [2]. Another solution is
to use boron silicate glasses which offer a very
low specific conductivity [9]. The thickness of
the diaphragm is chosen to be h = 10um,
oxynitride, which results in power losses of only
50mW per sensor at 400°C. If the mechanical
problems can be overcome (e.g. by reducing the
intrinsic stress during deposition) the thickness
of the diaphragm can be reduced and thus silicon
nitride (low-stress LPCVD deposition [12]) or
amorphous carbon-type materials could be used.

magnitude lower than that of silicon nitrides,
therefore in order to obtain a good thermal
insulation, very thin diaphragms are required
(e.g. less than 1 um).

4. Transducer and interface circuitry

A block scheme of the interface circuitry and the
transducer is shown in Fig. 6. The transducer
comprises two basic circuits, a ‘delta’ circuit
designated to give a linear output response with
the change in conductance (6 = (G, — G)/
Gy =R,/(Ry —R,), where Gy and R, are the
base-line conductance and resistance) and a
bridge circuit which can measure both the
change in resistance and capacitance due to the
presence of gases. The basic diagrams of the delta
and bridge circuits are shown in Fig. 7. In the
case of the delta circuit, the drift of the base-line
resistance is compensated by adjusting the resis-
tance R, so that the output voltage is virtually
equal to zero. The output voltage which is line-
arly proportional with the change in the
conductance due to the presence of gases can be
amplified using the feedback resistance of the
second operational amplifier, R;.

However, it is important to note that the ther- S = Ry Vo )
mal conductivity of silicon oxides is an order of Ry Vrer
Device (3 cells,
Sensor Array 6 sensors
D/A :'lil:
D . Data 5! | Heater " 'I(‘jrans- Measurement
. ' . — ucer ircui
= Translation| |5 g - :%E — } /‘LCURS
(A/D D/A) IA/D Temp ==
1
; Computer Contr f— || 1| Vertical sensor
Circuit board Lateral sensor
GENI1 | GEN2 GN viv-
Bridge and Delta| Frequency Power
Drivers Generator Supply
0-20kHz

Fig. 6. Schematic diagram of the transducer and interface circuitry.
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Fig. 7. Schematic electrical diagrams of (a) the delta circuit and (b) the bridge circuit.

In the case of the bridge circuit, the base-line
resistance drift is eliminated by balancing the
bridge in clean air. The change in the resistance
is then given by:

1 Vo

B (B—D)Veer — Vo

where f = R{/(R1 + R3) = R,,/(Ry + R,,).

0

(6)

L

The absolute value of the capacitance in the
presence of gases can be obtained by using step
by step measurement to separate the sensor
resistive component. Initially the bridge is
balanced at low frequency from R and R; and at
high frequency from C; with C; disconnected.
Subsequently, connecting C; and disconnecting
the potentiometer R;, one can find out the
value of the sensor capacitance C, as:
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RiC

c, ~ & Vo )
R, Veer— Vo

and the change in  capacitance as:

5c = (Cx - CO)/CO

A driving circuit for the heater and a tempera-
ture controller integrated with the computer are
shown schematically in Fig. 6. The driving
circuit consists of a constant current source
which receives the input data from the compu-
ter. The temperature is measured by detecting
the variation of the heater resistance and can be
accurately adjusted through a high speed 12-bit
ADC card (e.g. Data Translation DT 2811).

5. Results and further work

Figure 8 shows a photograph of the prototype
silicon device fabricated at Warwick University
in 1992 [9] consisting of three sensor cells each
with lateral and vertical sensing electrodes. The
structure permits the simultaneous measure-
ment of film conductance and capacitance in
different directions. For this particular device
polypyrrole was used as a sensitive material. The
polypyrrole layer was grown onto the electrical
electrodes using a new electro-chemical method
[8]. A set of more advanced fabricated silicon
sensor array devices is shown in Figs. 9a and 9b.

Fig. 8. A prototype silicon sensor array device for gas
analysis.
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Fig. 9. Photographs of (a) the cell structure of a 0.5 um

SisN, diaphragm with integrated platinum heater and

interdigitated electrodes and (b) the array device mounted

on a 14 pin 0.1 inch d.il. package [12]. The large truck

shows a common for the six sensor inputs. The three
heaters are not commoned.

These devices are comprised of six sensors (two
per cell) with an ultra thin Si3N, diaphragm
deposited by a low stress LPCVD technique at
the University of Neuchatel [12]. The experi-
mental results of the power losses per sensor
agree well with the theoretical predictions (Fig.
10). Full experimental results on these sensor
array devices, which include measurements of
the time constants and the sensor response to
various solvents such as toluene, n-propanol,
methanol, etc. have been reported elsewhere
[12]. The measurements presented in [12]
discuss doped tin oxide as the sensing material.
Work on sensor arrays using polymers and
sensor arrays with mixed conductive polymers
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Fig. 10. Theoretical and experimental results of power

losses per sensor. The dotted line shows the actual beha-

viour of a Si3Ny array device with a ultra thin diaphragm of
500 nm (from [12]).

and semiconducting oxides is presently under
way in the Sensors Research Laboratory,
University of Warwick, and will be reported
soon.

6. Conclusions

This paper describes the design of a silicon
microsensor array device suitable for applica-
tion in gas or odour monitoring. The theore-
tical values of the heater resistance, cell power
consumption and thermal response agree well
with experimental values. The ultra low power
consumption of about 50mW per sensor at
400°C and ultra fast thermal response time of
about 60 ms make this an attractive device for
practical use. For example, the device
temperature could be modulated sinusoidally,
to obtain rapidly the characteristic response-
temperature curve for target gases. Dynamic
models could then be used to enhance the
specificity of this device over conventional gas
sensors which operate at a constant tempera-
ture. Moreover, an array with some replicated
sensors could be used to reduce noise and
remove common-mode effects in bridge
arrangements [14].
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