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Abstract

In this paper, we present a complete thermomechanical study of a
micromachined gas sensor substrate. The work has been carried out
combining coupled electrothermomechanical three-dimensional finite
element modelling simulations with electrical, infrared thermography and

interferometric microscopy experimental measurements. The performances
predicted by simulations, such as the power consumption (heating efficiency
in air of 5.7 °C mW™"), the time response (19 ms), the membrane deflection
during operation and the preferential failure sites in the micromachined
substrate have been confirmed by experience. Their good agreement
validates the model, and allows us to consider the adaptability of this design
as a micromachined substrate for integrated gas sensors.

1. Introduction

Recent trends on metal-oxide gas sensors require low power
consumption, fast response, uniform temperature distribution
over the sensing material and good mechanical stability at
high temperatures. These demanding requirements, together
with the thermal isolation from the surrounding elements,
can be best achieved by mounting the metal oxide on a
thermal isolated structure, generally a dielectric membrane,
obtained by means of silicon micromachining technology
[1].

In this type of microsensor, the active area comprises a
heater, sensor electrodes and the gas-sensitive layer placed
at the centre of a thin membrane, which provides thermal
isolation between the heated active area and the outer frame
[2-4]. The correct operation of the gas sensor needs good
temperature uniformity over the whole gas-sensitive layer and
very low thermal inertia allowing for the response of the
device to be fast enough [5]. This is especially important
when working in temperature-pulsed operation mode, as
suggested by various authors [6, 7] in order to reduce the power
consumption and to enhance the selectivity.

This working principle implies a rapid and frequent
change in temperature which, as well as the temperature

0960-1317/03/050548+09$30.00 © 2003 IOP Publishing Ltd Printed in the UK

gradients over the active area, causes important thermal
stresses that can shorten the lifetime of the sensor. Although
a major issue of free-standing dielectric oxide/nitride
membranes is their mechanical stability, it is well known that
CMOS thin films exhibit residual mechanical stress strongly
dependent on the process sequence and on the deposition
technique used. In micromachined membranes, this residual
stress is compressive and induces an undesired bending of the
structure after the fabrication process. However, the major
contribution of mechanical stress is the thermal stress induced
during the operation of the integrated micro-heater. The
high temperature achieved during operation can even produce
cracks or delamination of the films that compose the stacked
structure.

In this paper, we present a thermomechanical study of a
micromechanized gas sensor. Our objective is to investigate
its thermal and mechanical behaviour for a typical operation
temperature between 20-650 °C combining experimental
electrical, infrared and interferometric — microscopy
measurements and electrothermomechanical simulations.
Special attention has been focused on the thermal distribution,
the thermal stresses induced in the membrane and the structure
deflection at different operational temperatures.
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Figure 2. Membrane configuration considered and electrode
geometry.

2. Description of the sensor structure

The device is schematically depicted in figure 1. The
micromachined substrates were fabricated on double side
polished p-type (100) Si substrates, 300 um thick. A
layer of 0.3 um of LPCVD Si3N4 has been used as a
dielectric membrane. The spiral-shaped micro-heater is doped
polysilicon (640 2) and a layer of deposited SiO,, 0.8 um
thick, acts as electrical isolation to the top. Locally, Pt
electrodes (0.3 um thick), which provide electrical contact
with the sensing layer, patterned with lift-off, are included.
This stacked films configuration provides an active area of
400 x 400 pm? at the centre of a membrane of 1 x 1 mm?.
The lines configuring the micro-heater were 65 um wide
elsewhere and spaced by 15 um. Finally, silicon bulk
micromachining from the back side was carried out with KOH.
The micromachined gas sensor is shown in figure 2.

3. Finite element model and material properties

The commerecial finite element model (FEM) program ANSY'S
[8] has been employed for the coupled electrothermal and
mechanical simulations by means of a three-dimensional
(3D) model. Heat conduction through the membrane and

conduction to the air were considered as the two dominant heat-
transfer factors. Additionally, for temperatures higher than
400 °C, the radiation losses have also been considered. The
boundary conditions for the thermal analysis assume that room
temperature is preserved at the external part of the silicon chip.
The thermal equilibrium on the membrane has been considered
as the result of heat exchange between the heat generated
in the electrical resistance through the Joule effect and the
heat loss mechanisms of convection and conduction towards
the cooler supporting massive material. Consequently, on
the upper and lower surfaces of the membrane, the heat is
dissipated through convective and conductive exchange with
air.  Due to the small size of the heated structures, the
convection losses are negligible at median-low temperatures
[9]. Assuming the fluid motion to be negligible, the air has
been considered as a static fluid modelled as a solid on the top
and bottom of the membrane. The extension of the air that has
to be modelled can be found first by simulating only a small
volume of air around the structure, and then by increasing
the distance in successive simulations until the convergence
of the heat exchange. In our test structures, distances
higher than 0.5 mm produce negligible (<1%) changes
in the total heat transfer. Experimental evidence for the
applicability of this assumption has been found in the literature
[9, 10].

For temperatures higher than 400 °C, the heat losses due
to radiation have been included in the simulations considering
the active area as a grey emitter with an emissivity of 0.6
obtained from infrared thermography measurements and in
agreement with [11]. The methodology to determine this value
will be explained in more detail in the electrothermal analysis
(section 4).

The thermal conductivity of the thin films can differ
significantly from the bulk value for the same material and
depends on the fabrication conditions, processes and thickness.
The difference between the thermal conductivities of thin films
and the corresponding bulk material implies that the thermal
conductivity of the analysed membrane is a priori unknown.
Preliminary electrothermal FEM simulations and electrical
and thermography measurements have been combined in
order to obtain the thermal conductivities of the layers. The
power consumption of different test micro-hotplates has been
fitted by numerical simulations in order to determine the
thermal conductivity of the membrane materials. Figure 3
shows one of the tested micro-hotplates and its temperature
distribution obtained by simulation. Figure 4 compares the
experimental and simulated power consumption of the tested
devices. The initial thermal conductivities employed in this
characterization process have been obtained from the extended
work carried out by Arx [12], which reports on the thermal
properties of CMOS thin films such as chemical vapour
deposition (CVD) oxides, nitrides and polycrystalline silicon.
The material properties used for the simulations and those
obtained from the data in the literature are listed in table 1
[12-18].

The temperature distribution obtained in the
electrothermal simulations constitutes the load for the
thermomechanical simulations. Linear elastic behaviour has
been assumed for all materials. Finally, due to the large
deflections induced in the membrane, the simulations include
non-linear large geometric effects.
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Figure 3. Thermal test micro-hotplate and its temperature distribution.

Table 1. Thermal conductivity, coefficient of thermal expansion and Young’s Modulus for the considered materials.

Thermal conductivity

K (W (mK)™) .
Coefficient of thermal Young’s modulus
Material Calculated  Literature expansion o (107°°C~")  (GPa)
Silicon nitride 22 22.7[13] 2.4 [16] 370 [17]
Silicon oxide 1.5 1-1.6 [13-15] 0.6 [16] 70 [17]
PolySilicon 20 18-29[12, 14] 2.8 [16] 160 [18]
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Figure 4. Measured and simulated power consumption of test
micro-hotplates. Model 1 refers to the investigated design shown in
figure 2. Model 2 refers to the test design shown in figure 3.

4. Electrothermal analysis

A uniform micro-heater temperature is a necessary
requirement as it allows the correct operation of the gas
sensor. The temperature uniformity depends on the membrane
materials and also on their geometry, especially that of the
micro-heater.

Electrothermal simulations reveal that the maximum
current density obtained is around 6 x 108 Am~2when 10V is
applied to the micro-heater, inducing an average temperature
in the active area of 600 °C, see figure 5. For higher current
densities (>1 — 10 x 10° A m~?) electromigration effects
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have been reported with accompanying resistance changes
attributed to redistribution of dopant species [19]. These
problems can be discarded in gas sensor applications usually
working up to 450 °C.

The temperature gradient in the active area generated by
this current density is approximately 0.3 °C um™', as shown in
figure 6. Experimental infrared thremography measurements
have confirmed the validity of our FEM, as shown in figure 7.

The infrared camera Thermovision® 900 System from
AGEMA Infrared Systems AB (pixel size 22 um) was
used in order to acquire the temperature distribution in the
membrane. The apparent emissivity of the membrane surface
was fixed to 0.7 for lower temperatures (up to 300 °C) and
0.5 at higher temperatures. These values were determined
by comparing the average temperature in the micro-heater
obtained from thermography (micro-heater pixel integration)
and from electrical (/-V) measurements. A comparison
between infrared thermography and electrical measurements
is shown in figure 8.

The power consumption of the micro-hotplate obtained
from FEM simulations has been compared with experimental
results, in which the polysilicon heater, previously
calibrated, has been used as a thermometer. These electrical
measurements reveal that an input power of 65 mW
applied to the heater produces an operating temperature in
the active area of around 400 °C (heating efficiency of
5.7 °C mW™1), see figure 9. Up to 350 °C, the experimental
results and the linear simulations agree quite well. Above
this temperature, it is necessary to take into account the
temperature dependence of the thermal conductivity of the
surrounding air (K, = f(7°)) and the radiation losses. This
new procedure provides better agreement with experimental
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Figure 5. Simulated current density in the micro-heater for an input voltage of 10 V.
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Figure 6. Simulated and infrared thermography temperature distribution over the membrane for an input power of 30 mW (5 V).

results than linear simulations, as shown in figure 9. However,
at high temperatures, there remains a slight difference (around
5—-10%) which can be related with fluid motion losses [9].

On the other hand, the transient response of the structure
was determined by placing the device within a Wheatstone
bridge. After this, a square wave with a dc offset was applied.
The equilibrium temperature (see figure 10) was reached
within 19 ms, which corresponds to the rise time measured
from 10 to 90%. The obtained transient response is two orders
of magnitude lower than the time response of the sensing layer
and agrees very well with the FEM dynamic simulations, as is
also shown in figure 10.

5. Thermomechanical behaviour

The difference between the thermal expansion coefficients
in the stacked membrane (see table 1), together with the

temperature gradients and in time—temperature variations,
produces thermal-induced strain and stress that causes
undesirable structure deflections.

The thermal-induced stress simulations were also
performed in ANSYS using the previous temperature
distribution as a load for the mechanical model. In order
to ensure the convergence and to avoid numerical instabilities
related with the membrane buckling and following the strategy
of Ziebart et al [20], the simulations were undertaken by the
application of the previous thermal loads together with an out-
of-plane temporary pressure. Moreover, first the membrane
was loaded with a differential pressure, then the thermal load
was applied together with the pressure, and finally the pressure
was removed releasing the structure to the thermal-induced
position.

No material non-linearity has been taken into account
because silicon oxide, silicon nitride and polysilicon have

551



J Puigcorbé et al

Run 131V
T T T T T T

8009 —=— Ansys

A 5yolts (£=0.7)

7004 @ 10volts (¢=0.5)

600

500

400

300

Temperature (°C)

200

1004

T T T T T T T T T
0 200 400 600 800 1000

Distance (um)

Figure 7. Experimental and simulated temperature profile along the
membrane for an input power of 30 mW (5 V) and

97 mW (10 V).
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Figure 8. Relation between average heater temperature and power
in the micro-heater obtained from infrared thermography and
electrical (/-V') measurements. The thermography measurements
consider different emissivities.

linear elastic behaviour until fracture. Moreover, the large-
deflection behaviour has been analysed by means of geometric
non-linear simulations.

5.1. Residual stress in the membrane

From the mechanical point of view, the first objective was to
evaluate the residual stresses that operate in the membrane
after the fabrication process. The membrane deflection
measurement has been carried out using interferometric
surface analysis microscopy (Zygo) equipment. The measured
membrane deflection value combined with the large-deflection
theory of uniformly loaded diaphragms permits us to calculate
the average stress in the membrane. The approximate load—
deflection relation for membranes has been extensively treated
in [21].

Atroom temperature, the residual bending of the analysed
membranes is around 7 um. Figure 11 shows the topography
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Figure 9. Relation between average heater temperature and power
consumption in the micro-heater: measured (points) and simulated
(line). There is, only at high temperatures, a slight discrepancy
between simulated and experimental results.
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Figure 10. Measured and simulated thermal dynamic behaviour of
the sensor substrate for an input voltage of 5 V. Notice that the
temperature reached is the average temperature all along the
micro-heater.

map of the residual deflection of the membrane obtained by
interferometric measurements. The average residual stress
required to produce this deflection is —20 MPa. This resultant
stress is within the acceptable range of |oyesiquall < 0.1 GPa
which avoids the membrane breakage [11]. Above this
stress range, the membrane is jeopardized, and problems
such as film delamination or the structure crack cannot be
discarded.

The situation may change at the different working
temperatures of the micro-heater.

5.2. Membrane deflection during operation

Heating of the sensor produces the thermal expansion of
the stacked layers introducing additional stresses that affect
the membrane deflection.  For our studied membrane
configuration, when heating, it is expected that the mechanical
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Figure 11. Measured residual vertical deflection of the membrane at room temperature after the fabrication process.
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Figure 12. Experimental and simulated vertical deflection of the
membrane, at different operating voltages. It is remarcable that after
the first heating cycle the initial deflection at room temperature has
reduced considerably.

stability will be guaranteed because the critical stress, i.e.
the axial equivalent stress that causes the buckling of the

Schematic view

membrane, is around —5 MPa. This stress is lower by far
than the initial residual stress (—20 MPa), thus the membrane
deflection is in post-buckling behaviour.

Due to the layer configuration of the stacked membrane,
when heating, the bimetallic effect [21, 22] causes the structure
to bend downwards. However, the upward residual deflection
of the membrane increases when medium voltages are applied,
as shown in figure 12. In this situation, the bending moment
caused by the membrane expansion, which increases the
amount of bowing, is larger than the moment produced by
the bimetallic effect [23].

Further increasing the input power, and thus the
temperature, only the centre part of the membrane area
bends downwards, inverting the initial direction as shown in
figure 12. The interferometric microscopy measurement of
this behaviour is shown in figure 13. The change of the bending
direction is related with the fact that the active area, i.e. the
area covered by the micro-heater, is hotter than the rest of
the membrane, as has been reported in the thermal analysis.
This temperature difference induces the expansion of the active
area from the membrane, and thus it bends relatively to the
remainder material. This bimetallic effect dominates in the
active area at moderate-high temperatures (above 450 °C),

Active area

Membrane +16.89377

um

—8.23914
1.18

Figure 13. Measured deflection map of the membrane at 575 °C, in the first heating cycle. The inversion of the bending is clearly visible in

the central part of the membrane, in which is located the micro-heater.
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Figure 14. Measured deflection map of the membrane at room temperature after the first heating cycle. The residual bending is reduced
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Figure 15. Broken membrane after increasing the temperature above 650 °C, and equivalent stresses obtained from FEM model. The

highest stress areas agree very well with the rupture zones.

inverting the initial upward deflection. In this situation, there
coexist in the membrane an upward deflection due to the
thermal expansion against the fixed walls and a bimetallic
downward deflection at the membrane centre. Both effects
coexist up to around 575 °C (12 V) in the active area. From
this point, slight system perturbation produces the sudden total
inversion of the membrane downwards, as shown in figure 12.
After this, the membrane deflects always downwards due
to the bimetallic effect caused by the stacked configuration of
the membrane. The maximum measured deflection before the
rupture is —21 pm, which corresponds to an average
temperature in the active area around 650 °C. For higher
temperatures in the membrane, the thermal-induced stresses
produce fracture in its central part and the structure cracks.
After a first heating cycle up to 575 °C in the active area,
new profile measurement shows that the residual deflection has
been reduced to —1 pm approximately, as shown in figure 14.
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The partial reduction of the residual stress is related to
temperature relaxation mechanisms and grain growth of thin
films during high temperature operation. Therefore, further
mechanical simulations have been carried out taking into
account no initial bending. The good agreement between
predicted and experimental deflections shown in figure 12
validates the mechanical model.

5.3. Cracking by thermal-induced stress

The experimental analysis reveals that for temperatures
between 20-650 °C the membrane stability is guaranteed.
The situation changes for temperatures higher than 650 °C. In
this case, the excessive bending of the structure together with
the high-induced stresses cause the crack of the membrane.
Before the rupture, the maximum measured deflection is
—21 pm. The average stress required to produce this deflection
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is around —150 MPa, which is in agreement with the rupture
values reported by Rossi et al [11].

Figure 15 shows the stress developed in the membrane
when the device is heated from 20 to 650 °C. The distribution
obtained from the thermo-mechanical simulations predicts
different stress areas. The first one is located close to the
membrane edges, along a median line of the membrane, and
a second one, just on the membrane centre. Also, it appears a
ring-shaped zone, around the active area. Among these zones,
the most important one is located at the centre of the micro-
heater, where the stress distribution follows the direction of
the micro-heater line. The stress variation obtained from
simulations agrees very well with the initial fracture zone
in the cracked membrane. From ours FEM simulations, at
650 °C, the maximum change of stress is around —210 MPa
(compressive) in silicon nitride, 170 MPa in silicon oxide and
—180 MPa in the polysilicon micro-heater. These stresses,
induced during the operation of the sensor, reduce the intrinsic
residual stress of silicon nitride (tensile residual stress) and
silicon oxide (compressive) [11].

During the high temperature operation of the sensor, AFM
measurements have revealed the formation of hillocks and
voids in the SiO, film induced by the grain growth process.
These results suggest that voids in SiO,, which is the less
stiff material in the membrane [17], combined with the change
of stress from the residual compressive to tensile state can
produce the crack formation.

6. Conclusions

A laboratory optimized micro-hotplate has been developed
and tested in order to characterize its thermal and mechanical
behaviour by combining experimental measurements with
FEM simulations.

The performances predicted by the numerical model, such
as the power consumption, the time response, the vertical
deflection and the membrane rupture are in good accordance
with experimental electrical, infrared thermography and
interferometric measurements.

Electrothermal investigations reveal that the tested sensor
substrate provides low thermal inertia (<19 ms) and heating
efficiencies in air of 5.7 °C mW~!, with good temperature
distribution in the active area (temperature gradient
0.3 °C um™"). For temperatures higher than 350 °C we have
included in our simulations the temperature dependence of the
thermal conductivity of the surrounding air and the radiation
losses. This new procedure has provided better agreement
with experimental results than linear simulations.

From the thermomechanical point of view, the
experimental analysis shows that for temperatures between
20-650 °C the membrane stability is guaranteed. A first
heating cycle is enough for relaxing the initial stress produced
as a result of the thermal treatments during the fabrication
process. The measurement of the membrane deflection at
different operating temperatures has validated the mechanical
simulations, and thus allows us to obtain the thermal-induced
stresses in the dielectric layers using the same models. In this
context, the maximum equivalent stress has been identified at
the centre and along the edge of the active area of the micro-
hotplate. This suggests that these zones are preferential failure

sites in the structure. For temperatures above 650 °C, the
induced stress is large enough to produce the structure crack,
as confirmed by the experimental and the simulated analyses.

The investigation methodology and the obtained results
have provided criteria and design rules for the analysis and
optimization of micromachined gas sensors.
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