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Abstract

There is considerable interest in the development of low-cost, low-power resistive sensors for possible application in hand-held
gas monitors. In this paper we describe the fabrication of a high-temperature, resistive sensor using silicon microtechnology which
lies on a sub-micron thick membrane with an embedded platinum resistance heater. A thermal model of this micro-hotplate is
constructed and compared with its observed behaviour. The microsensor can be operated at temperatures of up to 600°C and has
a low d.c. power consumption per sensor of 40 mW at 300°C. As the thermal time-constant of the microsensor is only about 5
ms, its average power consumption can be reduced by a factor of at least ten through an a.c. mode of operation, thus making
a single device or even an array device suitable for battery-powered instruments. © 1997 Elsevier Science S.A.
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1. Introduction

An increasing degree of integration is being designed
into sensor systems in order to meet a growing demand
for portable instrumentation. Low power consumption
is a fundamental requirement for a sensor with an
acceptable battery life-time, e.g. 12 h. An application of
key interest here is the development of a portable gas
(or vapour) monitor for use in manufacturing, automo-
tive, environmental monitoring and medical industries.
The growth of this market has been limited both by the
relatively high power consumption of current commer-
cial chemical sensors (e.g. pellistors require 350–850
mW [1] and Taguchi gas sensors require 230–760 mW
[2]) and by the high cost of the manufacturing technol-
ogy. However, the application of silicon microtechnol-
ogy, which has revolutionised the microelectronics
industry over the last 20 years, may permit the desired
benefits, i.e. miniaturisation, low power, reproducibility
and low unit-cost [3]. Moreover, the lower power con-
sumption from such an advance in technology would
permit the use of an array of gas sensors which would

then provide the additional benefits of improved selec-
tivity and greater stability.

A common type of chemical sensor exploits a change
in the electrical resistance of a material on exposure to
a gas, which is often referred to as chemoresisti6e. The
resistance of a chemoresistor is measured electrically
usually by passing a d.c. current through a gas-sensitive
material and measuring the voltage developed across
two contact electrodes. For many gas-sensitive materi-
als, the sensor’s performance is enhanced at higher
temperatures, e.g. tin oxide films are typically operated
in the range of 300–600°C. The use of silicon micro-
technology enables both the gas sensor and electrical
heating element to be integrated onto the same chip.
Furthermore, silicon technology has been advanced by
the recent development of bulk and surface microma-
chining techniques, which not only allow three-dimen-
sional structures to be fabricated but also provide
benefits of better reproducibility in batch processing.
Micromachining techniques are now being used in the
manufacture of a variety of sensors in order to improve
their performance. For example, a low power CO sen-
sor has been reported by Grisel [4] which is a planar
chemoresistive device based on a thin film of tin oxide
on a heated substrate. Such a structure will be referred
to here as a ‘micro-hotplate’.
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In this paper we report on the design and thermal
characterisation of a novel, low-power silicon chemore-
sistor employing a micro-hotplate structure. An electri-
cal lumped-element model of the structure has been
constructed to aid in its characterisation.

2. Fabrication details

The general structure of the integrated chemoresistor
and micro-hotplate is shown in Fig. 1. A set of five
mask-plates was required to process the silicon wafers
and hence fabricate the devices [5]. The micro-hotplate
comprises a 200 nm film platinum (Pt) resistance micro-
heater embedded between two 250 nm layers of low-
stress silicon-rich silicon nitride (SiNx). 80 nm of
thermal oxide was deposited before the low pressure
chemical vapour deposition (LPCVD) of SiNx in order
to help minimise any residual stress in the membrane. A
KOH anisotropic back-etch was then used to form the
micromachined membrane (3.24 by 1.11 mm) with a
centrally located heated area (1.35 by 0.37 mm). The
chemoresistive elements were formed on the micro-hot-
plate surface, by depositing a gas-sensitive material
over 300 nm thick gold (Au) electrodes patterned by a
lift-off process. 10 nm layers of tantalum and titanium
were used to seed the Pt and Au layers, respectively.
Finally, a special hard-baked photoresist was used to
protect the interconnnects and act as a chemically-pro-
tective layer.

The electrical, mechanical and thermal design of the
device makes it suitable for the deposition and opera-
tion of a number of different gas-sensitive materials [5],
such as drop-coated thick films of pure, Pt-doped and
Pd-doped SnO2 held at 300–500°C [6], metal-substi-
tuted phthalocyanine films held at 100–300°C, and
electroplated conducting polymers films held close to
ambient, i.e. B100°C [7]. Since these gas-sensitive ma-
terials can be deposited after the wafers have been
processed, and annealed (where necessary) on the chip,
it is possible to produce a hybrid array sensor (e.g. a
device with more than one sensor employing different
sensing materials) with very little effort.

Fig. 2. Photograph of the linear array gas microsensor (referred to by
SRL125/MOS) mounted on a 0.1¦ pitch 14-pin d.i.l. metal header and
comprising three micro-hotplates (translucent regions) with embedded
platinum micro-heaters. Each micro-hotplate supports a pair of inter-
digitated sensing electrodes with a common ground line (thick track).

The basic device described here consists of three
micro-hotplates with a linear array of six chemoresis-
tors, arranged in pairs on each membrane, as shown in
Fig. 2. The aspect ratio of the gold sensing electrodes
was varied according to the electrical conductivity of
the gas-sensitive film.

3. Thermal characteristics

A block diagram illustrating the signal conversion by
the micro-hotplate is shown in Fig. 3. In our model we
have made two assumptions; first, the thermal response
time of the micro-hotplate is much slower than that of
the Pt micro-heater so that the thermal time constant of
the micro-heater can be neglected; and secondly, the
heat lost within the structure is assumed to be negligible
and therefore, since it is an ultra-thin membrane, the
gas-sensitive material above the heater will be at a
uniform temperature (T) which will be the same as the
micro-heater temperature (TH) in the steady-state.

In order to control the temperature of the micro-hot-
plate surface, it is necessary to characterise the relation-
ship between the resistance of the micro-heater and its

Fig. 1. Cross-section of the basic design of the high-temperature gas
microsensor: a platinum resistive heater is embedded within silicon
nitride layers to form a ‘micro-hotplate’ while gold electrodes sense
the electrical resistance of the gas-sensitive material. (The ultra-thin
metallisation seeding layers are not shown for the sake of clarity). Fig. 3. Block diagram of signal conversion by the micro-hotplate.
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Fig. 4. Diagram showing the linear temperature-dependence of three
platinum micro-heaters within the gas microsensor. Fig. 5. Power consumption of the micro-hotplate in still air and in a

vacuum (10−5 Torr) at different operating temperatures. The experi-
mental data-points have been fitted to second-order polynomials with
Ta=29°C.

operating temperature. All three micro-heaters in the
linear array device were calibrated over a temperature
range of ambient temperature to about 150°C in a
temperature-controlled (91°C) oven. The micro-heater
resistances were measured by a Maplin M-4510 digital
multimeter (DMM). Typical resistance-temperature
plots of the three microheaters are shown in Fig. 4.
These results are well described by a first-order function
which corresponds to the well-known temperature de-
pendent expression for the resistance of metals, i.e.

RH(T)=R0[1+a(T−Ta)] (1)

where RH is the resistance of the micro-heater at tem-
perature T, R0 its resistance at ambient temperature Ta,
and a is the linear temperature coefficient of resistance.
The values of a for each micro-heater were calculated
from the gradient of the plots (R0a) shown in Fig. 4,
and were found to be (2.0390.05)×10−3°C−1.

3.1. Steady-state power loss

Electrical power supplied to the micro-heater can be
dissipated by three heat loss mechanisms: conduction to
the surrounding structure; conduction to air; and by
radiation. The conductive heat losses to air are dissi-
pated by convection and as such, for the sake of
expedience, are referred to here as convective losses.
When the micro-hotplate reaches its steady-state oper-
ating temperature, the electrical power consumption
must be equal to the total thermal loss. This steady-
state power consumption was measured by driving a
constant current (with a Knick Current Calibrator,
Model J152) through the heater element and recording
the voltage developed across it (with a DMM). The
current (I) and voltage (V) characteristics allow the
electrical power (I×V) and the heater resistance (V/I)
to be calculated. Whereupon, the resistance can be used
to calculate the operating temperature via Eq. (1). The

calibration line of the heater was assumed to have only
a small extrapolation error (~91% up to 770°C) be-
cause platinum is known to be extremely linear over the
temperature range of interest (ambient to 600°C). Plot-
ting the heater power against operating temperature
allows the thermal performance of the micro-hotplate
to be determined. The magnitude of contributions to
the total thermal power loss by conduction and radia-
tion have also been investigated by measuring the
power consumption under a vacuum pressure of 10−5

Torr after mounting the micro-hotplate in a thin film
evaporator unit (Bir-Vac). This method removes the
convective heat loss component. The results allow a
comparison of the thermal power losses in still air and
in a vacuum as shown in Fig. 5. It is evident from the
figure that the power consumption of the micro-hot-
plate in still air is very low (e.g. 160 mW at 400°C)—
particularly as this represents a pair of resistive sensors.
The magnitude of convective heat loss in air can be
determined from the difference between these two mea-
surements. Whereas, the theoretical radiation power
loss, which is expected to be small over the temperature
range of interest here, has been calculated using the
Stefan–Boltzmann law [8],

Pr(T)=esA(T4
H−T4

a) (2)

where Pr is the net power radiated out of a body, A is
the heated area, e is the effective emissivity of the
surface, and s is the Stefan–Boltzmann constant
(56.7×10−9 W m−2 K−4). Assuming the micro-hot-
plate surface is a black body radiator1 (i.e. e=1) and
emits radiation from a heater area Ah of 5.0×10−7 m2

1 Normal total emittance of silicon nitride is typically around 0.9
between 300 and 900 K.
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Fig. 6. Estimates of the conductive and convective heat losses of the
micro-hotplate (SRL125/MOS) from the power losses measured in air
and vacuum (see Fig. 5). The theoretical radiation loss has been
calculated and is also shown for comparison.

Fig. 7. A potential divider circuit (right) was used to measure the
characteristic response 60(t) of the platinum micro-heater to a square-
wave driving voltage (left), 6i(t).

3.2. Transient characteristics

The transient response of the micro-hotplate was
determined by placing the micro-heater resistor (RH) in
series with a precision metal film reference resistor (R)
of 100.26 V to form a potential divider circuit. A square
wave with a variable d.c. offset was applied to the
potential divider by a function generator (Thandor,
TG501, supplied by R.S.), as shown in Fig. 7. The
transient response, i.e. device voltage 60(t), was mea-
sured in the time domain using a Control Systems
Analyser (Hewlett Packard, 3563A), as shown in Fig. 8.
From the observed transient behaviour of the micro-
heater (see Fig. 8), the system can be described by a
first-order model that neglects the switching spikes. The
energy storing element in the system can then be as-
sumed to be associated with the thermal nature of the
micro-hotplate. Hence, the transient signals can be
analysed to obtain the thermal time constant of the
micro-hotplate, i.e. the time taken for a transient signal
to reach 63% of the final steady-state value. With
respect to Fig. 8, the minimum and maximum voltages
are 3.355 and 3.940 V, which correspond to operating
temperatures of 228.7 and 275.8°C, respectively. The

(this area has to be doubled to obtain A because
radiation is emitted from both sides of the micro-hot-
plate), the theoretical value of Pr can be subtracted
from the heater power measured in a vacuum to obtain
an estimate of the conductive power loss (Pm). The
various thermal power losses due to convection (Pa),
conduction and radiation losses are shown in Fig. 6.

From Fig. 6, it is evident that the experimentally-
derived conductive power loss is well described by a
first-order expression, where

Pm(TH): [PH(vacuum)−Pr]=0.123(TH−Ta) (3)

with the ambient temperature, Ta, having a value of
28.9°C. Similarly, the experimentally-derived convective
power loss can be described by a second-order polyno-
mial, namely

Pa(TH): [PH(air)−PH(vacuum)]

=0.104(TH−Ta)+4.129×10−4(T2
H−T2

a)
(4)

where Ta takes the same value as before.
It is also clear from the experimental data that the

convective heat loss is a significant proportion (about
2/3) of the total heat loss PH of the micro-hotplate
above a temperature of 50°C or so. The convective heat
loss may thus be significantly affected by choosing to
mount the device upside down with the gas passing
slowly below the micro-hotplate—usually outside a
protective, flame-resistant, metal mesh in commercial
gas sensors. This physical arrangement should make it
more difficult for the thermal air currents to move and
thus reduce the amount heat transferred from the active
surface to the air.

Fig. 8. Observed transient response of the micro-heater to a square
wave drive voltage with a frequency of about 30 Hz. The average
operating temperature of the micro-hotplate was 252°C.
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Fig. 9. Effect of the magnitude of the temperature excursion on the
thermal time constant of the micro-hotplate.

of contact between the two volumes (normal to the
one-dimensional co-ordinate x).

This expression suggests that an electrical analogy
can be constructed. The existence of convective losses
from the structure surface exposed to an ambient gas
may be accounted for by adding to the network another
node representing the gas. The thermal connection be-
tween these two nodes can again be represented by a
thermal resistance according to,

Rth=
1

hAc

(7)

where h is the heat-transfer coefficient and Ac represents
the surface area exposed to the convecting gas.

For transient modelling, the heat storage of each
lumped nodal element must be taken into account.
Continuing with the electrical analogy, the heat storage
is represented by an electrical capacitor connected be-
tween the node and the ambient temperature node. This
electrical capacitance is recognised as the thermal ca-
pacity of the lumped volume surrounding the node,
according to

C=Vrcp (8)

where V is the volume of the lumped element, r is the
material density and cp is the specific heat property of
the material. Therefore, a simplified lumped-element
model of our micro-hotplate has been used to construct
an analogous circuit, as shown in Fig. 10. The compo-
nents shown in Fig. 10 (b) are: TH and Ta, the temper-
atures of the micro-heater and ambient surroundings; C
the thermal capacitance of the micro-heater region; Gcr

a thermal conductance associated with convection and
radiation losses from the heated area; and R1–4 the
resistances through the membrane due to thermal con-
duction from the heater node to the four nodes on the
edge of the silicon support. This equivalent circuit
assumes that the silicon support to the membrane, and
the gas surrounding the membrane are both at ambient

time constant t associated with reaching the limiting
values was measured to be 4.336 ms.

The relationship between the time constant and oper-
ating temperature of the micro-hotplate was investi-
gated further by applying a higher square-wave
peak-to-peak voltage and hence generating larger tem-
perature swings. The characteristic curve is shown in
Fig. 9 in which the thermal time constant falls with
increasing temperature. This is probably because the
ratio of the thermal conductivity to heat capacity of the
silicon nitride membrane increases with increasing tem-
perature and thus enhances the dynamics.

4. Lumped-element model of a micro-hotplate

Numerical modelling of the micro-hotplate was un-
dertaken both to understand the thermal characteristics
reported in the previous section and to help in the
design of new micro-structures. To this end, the micro-
structure was sub-divided into a set of lumped volumes
with a constant temperature and each represented by a
node; the heat balance equations can be described
between adjacent nodes.

The total heat flow (q) between two adjacent nodes
can be written as,

q=
(T1−T2)

Rth

(5)

where (T1−T2) is the temperature difference between
the two nodes and Rth is the thermal resistance. Ther-
mal conduction between adjacent volumes can be de-
scribed by a thermal resistance, i.e.

Rcond=
dx

kAk

(6)

where dx is the distance between the two nodes, k is the
thermal conductivity and Ak is the cross-sectional area

Fig. 10. (a) Diagram of the nodal subdivision of the heater area and
silicon nitride membrane, and (b) its electrical analogue.
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temperature (i.e. equivalent to electrical ground), and
that convection and radiation losses are minimal out-
side of the heater area. These assumptions define the
boundary conditions for the model. However, this
lumped model does not take account of either heat
conduction through the corner regions of the mem-
brane or thermal convection outside the heated area.
The components used in the thermal model are depen-
dent on the geometry and the thermal properties of the
lumped membrane.

The model can be expressed by the heat flow at the
membrane node, according to,

C
d TH

d t
=PH−DT

� 1
R1

+
1

R2

+
1

R3

+
1

R4

+Gcr
�

(9)

where DT is defined as (TH−Ta).
The total conductive thermal loss Rcond can be ex-

pressed as the parallel combination of the individual
conductive resistances in terms of the membrane ge-
ometry, according to,

Rcond=
1

km
� u1u2

4(u1a1+u2a2)
�

(10)

where m is the membrane thickness, u1 and u2 are the
long and short side lengths of the membrane, respec-
tively. Similarly, a1 and a2 are the side lengths of the
heated area.

The measured conductive losses described in Eq. (3)
generates a value for 1/Rcond of 123 mW K−1. Substi-
tuting the measured value of Rcond and the micro-hot-
plate dimensions into Eq. (10), gives km=22.74 mW
K−1. This value can be compared to the theoretical km
derived from effective medium theory. The membranes
are composed of 80 nm of SiO2 and 500 nm of Si3N4

which have k values of 1.4 and 28 W m−1 K (at 300
K), respectively. These values only account for 17 mW
K−1 of the total km measured. Hence, the effect of the
gold electrodes on the membrane must be taken into
account. An equivalent 66 nm Au layer compensates
for the difference in km.

The lumped model component, Gcr, can be expressed
in terms of the convection (Gc) and radiation (Gr)
losses, using Eqs. (2) and (7), according to,

Gcr=Gc+Gr=2A [hDT+es(T4
H−T4

a)] (11)

where the heater area A is multiplied by a factor of two
to account for the losses from both sides of the mem-
brane. However, it is evident from the measured char-
acteristics that the convection losses are second-order,
as described by Eq. (4), hence h is not a constant.
Therefore, to improve the accuracy of the model, the
coefficient h is replaced by a first-order function of DT,
according to,

h=414.8DT+1.04×105 (12)

Similar compensation was required for the micro-
hotplates’s thermal capacitance, which is theoretically
described by Eq. (8). The lumped value of C is theoret-
ically the sum of the individual layer capacitances.
However, since the cp of SiO2 and Si3N4 are approxi-
mately the same at 300 K, ~700 J kg−1 K, this value
was used assuming a lumped Si3N4 membrane (580 nm
thick) with r=3000 kg m−3. Substituting these values
into Eq. (8) for the micro-hotplate geometry, generates
a value of 6.06×10−7 J K−1 for C. The accuracy of
this value can be assessed by considering the measured
transient response, since the time constant of a first-or-
der system is RC. The value of R is calculated by the
application of the parallel combination of the thermal
resistance components Gcr and Gcond. Using Eqs. (8)
and (10)–(12), at an operating temperature of 276°C
gives a theoretical time constant of 1.65 ms, compared
to the measured value of 4.34 ms. The difference be-
tween the theoretical and observed values of t can be
described by adjusting the value of the thermal capaci-
tance C in our model2 from the expected value of
6.06×10−7 J K−1. The theoretical value of Rth consis-
tent with the experimental data is 2.87×103 (K W−1),
which produces a value of C 1.5×10−6 J K−1—nearly
twice the expected value of C. Dividing this value by
the micro-heater area Ah, derives a capacitance per unit
area of »3.0 J K−1 m2. This can now be used as a
model coefficient, replacing C by 3Ah. The lumped
element model for the device design illustrated in Fig. 1
can now be represented in terms of micro-hotplate
geometry and temperature, according to

3a1a2

d T
d t

=2a1a2(412.9DT2+1.04×105DT

+s(T4
H−T4

a))

=
�9.1×102(u1a1+u2a2)

u1u2

n
−PH (13)

where heater area is defined by a1×a2 and the larger
nitride membrane by u1×u2.

The steady-state accuracy of this model was investi-
gated by setting the left hand side of Eq. (13) to zero.
The theoretical thermal power loss was compared with
the observed loss in Fig. 11 and shows good agreement
up to 400°C above ambient temperatures. The model
was not as good in predicting the thermal time constant
of device, see Fig. 12. This is not unexpected because
the thermal time constant is sensitive to errors in both
the thermal conductance and capacitance terms. Thus,
a non-linear thermal model, i.e. with temperature-de-
pendent elements, would be better.

2 For the sake of expedience, we have attributed all of the model
error to the capacitance term rather than adjusting the values of all
the elements in our lumped system model.
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Fig. 11. Comparison of the theoretical power loss (solid lines) of the
micro-hotplate from a linear lumped-element model against experi-
mental data.

order convective mechanism. Radiation losses are
fourth order in temperature and contribute less than
10% to the power loss at operating temperatures below
500°C.

The thermal time constant of the micro-hotplates was
measured and found to be very rapid indeed with the
hotplate reaching a temperature of 400°C from ambient
in less than 4 ms. This fast thermal response suggests
that chemoresistive sensors could be temperature-
pulsed to decrease their average power consumption
but still provide a reading every second. Moreover,
rapid temperature cycling also provides the real possi-
bility of employing a single silicon sensor to analyse a
multicomponent gas mixture. It has already been
shown that the time-frequency analysis of a thermally
cycled micro-hotplate coated with a thick tin oxide film
can predict the concentrations of both CO and NO2 in
air [9]. Thus, resistive gas sensors employing micro-hot-
platess must be an attractive proposition for applica-
tion in new generations of hand-held gas monitors and
small electronic noses.
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