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a b s t r a c t
The ability to incorporate gas sensing devices into always-on wearable technology such as smart phones, tablets,
and wrist watches will revolutionize the environmental health and safety industry by providing individuals with
a convenient way to detect harmful chemicals in the environment. Although thin metal oxide ﬁlms have shown
their gas-sensing ability, several challenges must still be overcome in order to enable full CMOS integration with a
reduced cost of production. A micromachined tin oxide (SnO2) gas sensor on a suspended membrane is presented and its operation, heat ﬂux away from the membrane, and stress generation are analyzed. The device operates
based on the adsorption of oxygen at its surface when heated to temperatures between 250 ∘C and 550 ∘C, where
the presence of oxygen ions results in the formation of a depletion region inside the SnO2 layer. The thermal ﬂux
away from the heated membrane is calculated, resulting in a total power loss of 32.5 mW. In this calculation, the
heat ﬂux through the membrane as well as the air conduction and radiation are accounted for. The stress through
the membrane is calculated to be around 500 MPa to 550 MPa with a maximum displacement of 6.6 μm through
its middle. The intrinsic stress through the tin oxide layer is analyzed during ﬁlm growth using the VolmerWeber model, resulting in a 200 MPa stress and a 1.69 J/m2 surface free energy of the deposited material. The
use of spray pyrolysis, a CMOS-friendly deposition technique, in order to deposit the SnO2 layer on the membrane
resulted in a total thermo-mechanical stress of 380 MPa.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
The presence of multiple gases in our vicinity shapes our perception
of the environment. Although the human nose serves as a sensor or
detector of hundreds of different odours, it fails when absolute gas
concentrations or odourless gases require detection. The ability to electrically detect these gases is a topic of extensive research and has found
applications in areas related to increased comfort, such as climate controls in buildings and vehicles, but also in safety. The feasibility to detect
toxic and harmful gases in our environment through hand held and
wearable devices is of particular signiﬁcance triggering substantial
research. In addition, fabrication and process controls, and laboratory
analytics can be made more affordable with cheaper gas sensing
equipment [1].
Currently, a variety of gas sensing principles are being implemented
in industry, e.g. semiconductor, optical, thermal conductivity, quartz
microbalance, catalytic, dielectric, electrochemical, and electrolyte
sensors [1]. Recent discoveries in the use of metal oxides as gas sensing
materials are at the forefront for enabling signiﬁcant progress in moving
away from bulky sensor architectures [1–10]. The miniaturization of electronic devices has proven to be essential, while the gas sensor ﬁeld is still
lagging behind the overall progress of CMOS and MEMS devices. Two materials have been validated to exhibit all the properties required for a good
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gas sensing performance, namely zinc oxide (ZnO) [11–14] and tin oxide
(SnO2) [15–17], while others such as indium tin oxide (ITO), In 2O3, CdO,
ZnSnO4, NiO, etc. have also been widely studied [13]. These studies attempt to drive research towards the fabrication of cheap, small, and
user-friendly devices with a high sensitivity, selectivity, and stability
with respect to the desired application. However, before true integration
of gas sensor components inside gadgets such as smart phones and wrist
watches can be achieved, several challenges must be overcome:
• Until recently, gas sensor fabrication was not compatible with that of
a conventional CMOS process sequence, which is essential for its
integration into hand-held electronics. Currently, the deposition of
metal oxide materials is being performed using several techniques
such as chemical vapor deposition [18], sputtering [19], pulsed-laser
deposition [20], sol–gel process [21], rheotaxial growth and vacuum
oxidation [22], and spray pyrolysis [15].
• Thin metal-oxide layers can only act as gas sensors when heated to
temperatures between 250 ∘C and 550 ∘C, which means that a microhotplate must accompany each sensor. The integration of the hotplate
and the sensor with the required analog and digital circuitry, as shown
in Fig. 1, is necessary. Since metal oxides detect various gases, a sensor
array is implemented in order to introduce selectivity in the sensor
unit [23].
As already depicted in Fig. 1 the operation of a smart gas sensor implies the ability to detect a multitude of hazardous gases in the environment, for which multiple sensor circuits are required. The analog signals
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Fig. 1. Sensor unit showing a sensor array with interface electronics blocks, which include the ampliﬁers, multiplexer (MUX), low-pass ﬁlter (LPF), analog to digital converter (ADC), microcontroller (μC), and DISPLAY and/or MEMORY.

from these sensors are passed through an ampliﬁer to a multiplexer. The
output from the multiplexer is sent through a low-pass ﬁlter (LPF) and
an analog to digital converter (ADC) before the signal can be analyzed
with a microcontroller (μC) and eventually displayed or stored [7].
Although the major part of the electronics consists of analog and digital
CMOS circuitry, the most complex component for integration and
manufacturing is the sensor itself.
In this work several aspects of a typical tin oxide gas sensor are analyzed with the aid of simulation in order to understand the sensor
performance and reliability with regard to thermal dissipation and
stress build-up. First, the gas sensor analyzed in this work and the
sensing mechanism itself are described. A model for a compact thinﬁlm SnO2 sensor is presented for the detection of ambient H2, which is
an important component in smoke and ﬁre detectors. Afterwards, the
reliability of the suspended membrane is discussed, where the thermal
dissipation of the device is analyzed and essential design components
are given in order to minimize the power dissipation. The stress buildup in the membrane is also discussed, followed by an analysis of the
stress build-up in the metal oxide during deposition, according to the
Volmer-Weber growth mode [24].

where ε0 is the free space permittivity, q is the elementary charge, and
nc is the carrier charge density.
Even though plenty of effort has been directed towards understanding the gas sensing function of metal oxide materials, the exact
chemistry of the sensing process is complex and not yet exhaustively
understood [27]. The thin ﬁlm can either be porous, where sensing
occurs at the grain-level and between individual grains, or compact,
where sensing occurs on the bulk material surface, as depicted in
Fig. 3. A porous ﬁlm is more complex to deposit when compared to a
compact thin ﬁlm, usually involving a sol–gel technique followed by a
gelation step [27]. More recently, rheotaxial growth and vacuum oxidation was used to deposit porous ﬁlms [22]. A compact metal oxide thin
ﬁlm can be deposited using a variety of techniques, including spray pyrolysis which has recently gained traction due to its cost-effectiveness
and integration within a standard CMOS processing sequence. This
study concerns itself with a compact tin oxide metal ﬁlm, deposited
on a micromachined suspended membrane.

2. Metal oxide sensor operation

The geometry of the sensor studied here is depicted in Fig. 4. The
membrane has an area of 200 μm × 200 μm while the active sensor
area is 100 μm ×100 μm. The beams connecting the membrane to the
wafer are 100 μm long and 20 μm wide. The thicknesses of the membrane and the beams are 4 μm with a microheater sandwiched between
a 2 μm SiO2 layer at the bottom and a 2 μm Si3N4 layer at the top. The

At increased temperatures, oxygen is adsorbed at the metal oxide
surface by trapping electrons from the bulk material [25]. The result is
an overall decrease or increase in the metal oxide resistance, depending
on whether the material is n-type or p-type, respectively. The band
bending at the metal oxide/ambient interface is depicted in Fig. 2. The
introduction of a target gas in the atmosphere causes a reaction with
the oxygen, removing it from the interface and reducing the band bending effect and thereby the overall resistance [26].
The thickness of the depletion layer is in the order of the Debye
length, deﬁned as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε  kB  T
λD ¼
;
q2  nc

ð1Þ

Fig. 2. Schematic representation of the band bending effect caused by oxygen adsorption
and subsequent introduction of a reducing gas.

2.1. SnO2 gas sensor geometry

Fig. 3. Gas sensing function for a compact tin oxide ﬁlm. The reaction occurs only at the top
surface of the deposited tin oxide. The symbol R refers to a reducing gas.

Fig. 4. Setup of the integrated gas sensor on top of a micromachined suspended membrane.
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Fig. 7. Resistances acting during the operation of a metal oxide gas sensor.

Fig. 5. Top view of the electrode locations on the substrate with the sensing area (SnO2)
deposited on top of four electrodes. The sensing area is 100 μm × 100 μm.

aluminum electrodes and a 50 nm thin tin oxide ﬁlm are deposited on
top of the Si3N4 layer above the microheater location.
The top view of the sensing area is shown in Fig. 5, where four
electrodes are evident. Four-electrode sensing is used for increased sensitivity and added accuracy, while eliminating the lead and contact
resistances [28].
2.2. SnO2 gas sensing capability
The gas sensing capability of SnO2 is well known and it is the most
common metal oxide used for the detection of harmful gases [1,29].
This is in part due to its sensitivity to a broad range of gases, but also
due to the ability of the material to be deposited on a silicon substrate
using a variety of simple and inexpensive methods. Fig. 6 shows the
response of a SnO2 thin ﬁlm to the presence of hydrogen [16] and carbon monoxide [30] in the environment.
The SnO2 sensor response to the presence of CO shown in the top
plot in Fig. 6 has been measured at 400 ∘C for a ﬁlm which was deposited
using a spray and includes impurities in the form of Pt nanoparticles
[31]. The effect of the Pt impurity and higher operating temperature is
noted by an increase in the sensing performance by almost ten times.
The symbols in Fig. 6 represent measured data while the solid lines
correspond to power regression lines of best ﬁt.
The measured resistances from Fig. 6 are a combination of the
contact resistance in series with a parallel combination of the bulk
and depletion region resistances, depicted in Fig. 7 [32]. Due to the
four-terminal sensing used in this study the contact resistances are

neglected, meaning that the resistance is a parallel combination of the
bulk resistance Rb – the gas-unaffected region with an unchanged resistivity – and the depletion region resistance Rs – equivalent to the
geometric surface which is affected by the gas reaction [1].
Because the bulk resistance is much smaller than the resistance of
the depletion region, the overall sensor resistance is mainly controlled
by the bulk resistance and therefore, by the thickness of the bulk region
– or inversely by the thickness of the depletion region. At room temperature, the resistance of the sensor presented in Section 2.1 was
measured to be 10.7 kΩ, suggesting a tin oxide conductivity of 1.6 kS/m
(or a resistivity of 0.625 mΩ⋅m. This value is in the range of values
suggested by several experimental groups [33,34]. When the material is heated to 350 ∘C in an oxygen-rich environment, the resistance increased to 30 kΩ [16]. Assuming the resistivity of the bulk
remains 0.625 mΩ⋅m, the thickness of the material must be 13 nm
in order for the resistance to reach 30 kΩ. Therefore, the increased
temperature leads to the adsorption of oxygen at the surface
and the generation of a 37 nm-thick depletion region. Following
Eq. (1) the carrier charge density is found to be 2.3 × 10 22 m − 1 .
A plot of how the resistance of the sensor layer changes with
increasing depletion layer thickness is given in Fig. 8. Introducing a
reducing agent, such as H2 or CO, will lead to the reduction of the
depletion region and thereby the reduction of the sensor resistance.
3. Thermal reliability of the MEMS membrane
Micromachining metal oxide gas sensors has become very promising in overcoming the difﬁculties of screen printing ceramic sensors.
Screen-printed ceramic devices require a typical power consumption
in the range of 200 mW to 1 W [1], which is too high for batteryoperated devices. Micromachined sensors typically require a power
consumption in the range between 30 mW and 150 mW [1].
3.1. Thermal transport
The loss of heat from the device is a major concern in the design of
micromachined sensors. There are several heat “escape routes” which
can increase the power requirements for a given device. The main

Fig. 6. SnO2 thin ﬁlm sensor response dependence on the concentrations of H2 and CO
reacting gases. The temperatures used during measurement correspond to the optimal
temperature of operation for the detection of the particular gas.

Fig. 8. The changing resistance of a thin 100 μm × 100 μm SnO2 sheet as a circumstance of
an increasing depletion region.
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Table 1
Parameter values used to calculate the heat ﬂux of the sample micromachined sensor
structure required for Eqs. (2), (3), (4), and (5).

Fig. 9. Schematic representation of the heat ﬂux through a micromachined gas sensor. Qair
is the combined conduction, convection, and radiation heat ﬂux through the air; Qmem is
the heat conduction through the membrane and connecting beams; Thot is the microheater
temperature; Ta is the ambient temperature.

heat ﬂux components are shown in Fig. 9, where the heat loss through
the membrane and the connecting beams Qmem and the heat loss in
the air Qair are the main components. The ﬂux through the air is a
combination of the heat lost to conduction, convection, and radiation.
In this section, the heat ﬂuxes are calculated and the total required
power is calculated for the sample device with the geometry given in
Section 2.1.
The equations used for the calculation of the heat dissipation
through the membrane summarized here are explained in further detail
in the work of Simon et al. [1]. The heat conduction through the membrane is given by
Q mem

4  λm  Abeam ðT hot −T a Þ
;
¼
l

ð2Þ

where λm is the thermal conductivity of the membrane, Abeam is the
cross-sectional area of the connecting beam, and l is the membrane
and beam thickness. To estimate the heat losses in the air, ﬂuid motion
is neglected, as is assumed by many authors [1], which means that the
convection component can be neglected. The conduction component
for the top and bottom surfaces must be treated separately. The loss
due to air conduction through the top of the membrane is given by
Q cond;top ¼

4  π  λair ðT hot −T a Þ
;
1=r i −1=r a

ð3Þ

where λair is the thermal conductivity of air and ri and ra refer to
the effective radii of the heated area and the full membrane, respectively, when the rectangular areas are converted to round ones. This
conversion effectively reduces the two-dimensional problem to a one-

Parameter

Value

Units

Description

λm
λa
l
Thot
Ta
ri
ra
h
σ
ε

10
0.026–0.044
100
400
20
56.4
112.8
100
5.67 × 10 −8
0.7

W/Km
W/Km
μm
∘
C
∘
C
μm
μm
μm
W/m 4K 4
-

Membrane thermal conductivity
Air thermal conductivity
Membrane thickness
Heater temperature
Ambient temperature
Equivalent heated area radius
Equivalent membrane radius
Pit depth
Stefan-Boltzmann constant
Emissivity

Table 2
Heat ﬂuxes for the components given in Fig. 9.
Heat ﬂux

Value (mW)

Q mem
Q cond,top
Q cond,bottom
Q radiation
Q TOTAL

12.216
18.859
1.330
0.157
32.506

dimensional one. The conduction through the bottom of the membrane
is given by
Q cond;bottom ¼

λair  Ahot ðT hot −T a Þ
;
h

ð4Þ

where Ahot is the area of the heated section of the membrane and h is the
distance between the bottom membrane and the die, or the depth of the
air pit. The radiation component of the heat ﬂux is expressed by


Q radiation ¼ Gradiation  σ  ε T 4hot −T 4a ;

ð5Þ

where Gradiation is a geometry factor which can be set to 2⋅Ahot [1], σ is the
Stefan-Boltzmann constant, and ε is the emissivity. The heat ﬂux emission
from a suspended membrane above a silicon die is depicted in Fig. 10. The
material and geometric properties of the simulated device are given in
Table 1 along with the resulting heat ﬂux components, corresponding
to Eqs. (2), (3), (4), and (5) in Table 2. The total power dissipation for

Fig. 10. Heat ﬂux emission lines from a central suspended membrane.
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average displacement of 4.1 μm. The maximum displacement was
noted through the middle of the membrane to be 6.6 μm. The stress
through the active region of the membrane varies between 500 MPa
and 550 MPa with the stress increasing towards the beams.
4. Stress in thin SnO2 layers

Fig. 11. Stress distribution through the sensor membrane when 1 GPa and -320 MPa
residual stresses are observed in the Si3N4 and SiO2 layers, respectively.

During deposition of the metal oxide thin ﬁlms, a stress builds up,
which can have negative effects on the device reliability. The postprocessing stress in a thin ﬁlm is a result of two stress components:
the intrinsic stress, which arises during the ﬁlm growth, and the
thermo-mechanical stress, which is a result of the difference in the
deposition temperature and the subsequent cooling to room temperature. The thermo-mechanical stress is a concern, when high temperatures are used for the metal oxide deposition due to the difference in
the coefﬁcients of thermal expansion (CTE) between the depositing
material and the silicon substrate. The growth mode of thin ﬁlms
depends on the surface free energy of the deposit, the substrate, and
the interface between the two materials. The growth process is characterized by the Volmer-Weber growth mode [39,40], where small islands
of the depositing ﬁlm form on the surface, which through expansion
impinge on each other, eventually forming a coalesced thin ﬁlm. Due
to the surface interaction between the materials and the impingement
of the depositing islands, a stress forms in the thin ﬁlm [24].
4.1. Intrinsic stress in thin metal ﬁlms

the presented design is approximately 32.5 mW; however, this value can
be reduced using more complex microheater structures [35].
3.2. Membrane stress
The stress in the semiconductor membrane is a combination of the
residual stresses in the layers which make up the complete membrane.
The control of the residual stress in single layers and especially multilayer systems such as the micromachined membrane presented here is
crucial for its stability [36]. Typical values for the residual stress in
Si3N4 (1 GPa [37]) and SiO2 (− 320 MPa [38]) ﬁlms are applied and
the stress distribution in the full membrane with beams is simulated
in a ﬁnite element environment.
The resulting stress through the membrane is plotted in Fig. 11
and the one-dimensional cut lines of the stress through the middle of
the membrane and diagonally through the membrane are shown in
Fig. 12. The resulting average stress is found to be 435 MPa with an

Fig. 12. Stress distribution through the middle and diagonally through the sensor structure
from Fig. 11.

During the deposition of metals and metal oxides on oxidized silicon
surfaces, the ﬁlm deposits in the form of islands which coalesce and
then grow to form larger grains, a process known as Volmer-Weber
growth mode [24,40], The intrinsic stress generated during thin ﬁlm
growth develops during deposition and can go through stages of
compressive and tensile stresses depending on the ﬁlm properties.
Fig. 13 summarizes the main steps involved in the ﬁlm growth, as characterized in [24].
The initial stage is the island nucleation or the formation of
small islands on the surface. As the islands grow, they impinge on
each other, which generates tensile stress in the islands. When all the
islands on the surface are connected, a ﬁlm is said to have coalesced.
The next stage of growth is the ﬁlm thickening which can be either columnar or polycrystalline. The columnar thickening mode shown in
Fig. 13(d) refers to the growth of ﬁlms which have a high adatom mobility or low melting temperatures, such as silver (Ag), copper (Cu), and
aluminum (Al). The polycrystalline growth shown in Fig. 13(e) refers
to the growth of ﬁlms which have a low adatom mobility or high melting temperatures, such as tungsten (W), chromium (Cr), and tantalum
(Ta). Before ﬁlm coalescence, there are two main stress components
to consider, namely the compressive stress which is generated due to
the island nucleation and the tensile stress generated in the thin ﬁlm
due to island impingement. The evolution of the stress during growth
of the two types of materials is shown in Fig. 14. The generation of compressive stresses during nucleation and thickening as well as the generation of a tensile stress during coalescence is depicted. The intrinsic
stress of materials with low adatom mobility does not vary after coalescence and remains constant during thickening. However, materials with
high adatom mobility experience a reduced stress, or increased
compressive stress, during post-coalescence ﬁlm growth.
During the formation and subsequent radial expansion of an island
in the course of ﬁlm growth a compressive stress builds up due to an
excess in surface energy. The model which governs the build-up of
compressive stress in relation to the growth of an island is given in
[24] as

σ compressive ¼ −

2f
sinθ

;
r ð1−cosθÞð2 þ cosθÞ

ð6Þ
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Fig. 13. Steps during ﬁlm formation in the Volmer-Weber growth mode. (a) 1-nucleation (b) 2-impingement (c) 3-coalescence (d) 4a-thickening (e) 4b-thickening.

where f = γgb − 2γs is the surface stress (γgb is the grain boundary energy and γs is the surface energy), r is the island radius, and θ is the contact
angle between the island surface and the substrate, depicted in Fig. 15.
Upon island impingement a grain boundary is formed between two
islands, which results in a part of the free surface of each island being
eliminated and in a signiﬁcant energy reduction. This process of zipping
at the grain boundary to a speciﬁc height generates tensile stress in the
grains. Fig. 15 shows the process of two islands impinging on each other
and the formation of a grain boundary. When two islands approach each
other and each attempts to increase its radius, a grain boundary forms.
The generated tensile stress depends on the resulting geometry of that
process, given in [24] as
σ tensile ¼

1
E yo 1:3892

;
2 1−r 2 r

ð7Þ

where E is the Young's modulus, and r and y0 are geometric parameters
given in Fig. 15. When two islands come together (Step 1 in Fig. 15) and
they attempt to grow, each island will be hindered by the presence of
the adjacent island. Therefore, instead of freely expanding its circumference, a vertical boundary will form between them, with a height z0
(Step 2 in Fig. 15).

used instead. The compressive and tensile stress components are tracked
from the early stages of ﬁlm growth with the parameters given in Table 3.
Using the intrinsic stress simulation, a value of 1.69 J/m2 for the surface
free energy of the tin oxide ﬁlm is calculated.
The thermal stress is then calculated using ﬁnite element methods
and applying a cooling to the layer from 70∘ to room temperature. The
thereby added stress is 50 MPa, resulting in a total residual stress of
250 MPa in the tin oxide layer.
4.2.2. Spray pyrolysis deposition
During spray pyrolysis deposition the wafer is heated to 400 ∘C, while
a gas pressure nozzle is used to spray a SnCl4 + H2O solution towards it
for a 30 s burst. Due to the temperature used, the intrinsic stress is less of
a concern and the thermal stress should play a larger role. A simulation
is performed by cooling the device from the deposition temperature to
room temperature with a resulting stress of 380 MPa. Although the
stress in the sputtered ﬁlm is slightly lower, the spray pyrolysis method
is much more cost effective. Also, the sputter deposition used is in a low
oxygen environment, resulting in a slower deposition process, while
regular sputter deposition usually results in ﬁlms with an intrinsic stress
in the 1 GPa range [19].
5. Conclusion

4.2. Intrinsic stress in the SnO2 sensing layer
In this section the sputter and spray pyrolysis deposition of thin tin
oxide ﬁlms is discussed.
4.2.1. Sputter deposition
During the sputter deposition at approximately 70∘ with a low
oxygen content in the sputtering gas, the stress is found to be
200 MPa [19]. The stress development during ﬁlm growth is analyzed
using Eqs. (6) and (7). In Fig. 16 the stress evolution during ﬁlm growth
can be seen. Because the stress is difﬁcult to estimate in the early stages
of ﬁlm growth, below 5 nm, the stress-thickness (σ ⋅ h) parameter is

Fig. 14. Stress evolution during the growth of metal and metal oxide ﬁlms.

The integration of gas sensors in hand-held devices requires fabrication techniques to be compatible with the CMOS sequence, the power
dissipation to be suitable for battery-powered technologies, and a
minimal stress build up due to reliability concerns. A performance and
reliability analysis of a micromachined gas sensor with a suspended
membrane and tin oxide as the sensing layer was performed using
simulations. A sample device was presented with a membrane area of
200 μm×200 μm, an active sensor area of 100 μm×100 μm, and a membrane thickness of 4 μm, which is composed of equally thick silicon
nitride and silicon dioxide.
Based on several experimental studies and measured results from
the operation of a tin oxide sensor, simulations were performed to
gain further understanding in the sensing material itself. It was noted

Fig. 15. From Position 1 to Position 2, two islands impinge, resulting in a grain boundary
with height z0.
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