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Abstract: The substrate plays a key role in chemoresistive gas sensors. It acts as mechanical support
for the sensing material, hosts the heating element and, also, aids the sensing material in signal
transduction. In recent years, a significant improvement in the substrate production process has
been achieved, thanks to the advances in micro- and nanofabrication for micro-electro-mechanical
system (MEMS) technologies. In addition, the use of innovative materials and smaller low-power
consumption silicon microheaters led to the development of high-performance gas sensors. Various
heater layouts were investigated to optimize the temperature distribution on the membrane, and
a suspended membrane configuration was exploited to avoid heat loss by conduction through
the silicon bulk. However, there is a lack of comprehensive studies focused on predictive models
for the optimization of the thermal and mechanical properties of a microheater. In this work,
three microheater layouts in three membrane sizes were developed using the microfabrication
process. The performance of these devices was evaluated to predict their thermal and mechanical
behaviors by using both experimental and theoretical approaches. Finally, a statistical method was
employed to cross-correlate the thermal predictive model and the mechanical failure analysis, aiming
at microheater design optimization for gas-sensing applications.

Keywords: silicon microheaters; chemoresistive gas sensors; predictive thermal model; mechanical
failure analysis; response surface method

1. Introduction

The detection of volatile compounds has become crucial for many different appli-
cations. Gas-sensing monitoring systems with high sensitivity are required for environ-
mental monitoring, chemical process control, agriculture and medical applications [1,2].
Instruments mainly used for the accurate detection of gaseous compounds are based on
light-matter interactions (IR and chemiluminescent spectroscopes) or on mass spectrome-
try [3–6]. Although these analyzers are particularly reliable, having both a high selectivity
for the type of analyzed gas and low detection limits, their widespread sustainable use
is still limited by significant shortcomings, including the high cost and the large size and
weight that render them particularly cumbersome.

In recent decades, huge attention has been paid to investigating and developing a
new class of smart devices, i.e., solid-state gas sensors, which allow the monitoring of
gas concentrations with ever-improving accuracy [7,8]. Among the various solid-state
gas sensors investigated, the most studied are the chemoresistive gas sensors because of
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their versatility [9]. These devices are cost-effective, small, highly sensitive and suitable
for portable instruments. The sensing layer is usually composed of a nanostructured
semiconductor [9]. Many different nanomaterials were investigated and tested so far, with
the aim of obtaining devices with even better sensing performances. Both hard [10,11]
and soft [12,13] nanomaterials were exploited, as well as hybrid composites [14], towards
improving sensitivity, selectivity and stability of the final sensing device. Usually, the
nanostructured semiconductor needs to be thermal- or photo-activated to work properly,
enabling a fast and reversible reaction between the gas target and sensing material sur-
face [15–18]. Recently, the market demand for near-zero power consumption sensors,
integrable in smartphones and other portable devices has driven the development of mate-
rials that work at room temperature, without any further activation [19]. For this purpose,
different types of doping and functionalization have been applied to the semiconductors
typically used as the sensing materials, enabling an increase of their surface reactivity and
tunability of their electrical properties [19,20]. Furthermore, various innovative nanostruc-
tured materials and their composites have been tested. Among them, noteworthy are the
2D semiconductors (e.g., transition metal dichalcogenides and graphene), which highlight
very interesting sensing performances due to their high area-to-volume ratio, high number
of active sites and excellent electrical properties [20,21].

Although the advent of these innovative materials for chemoresistive gas sensors [22,23],
Semiconducting Metal Oxide (SMO) still remain the most widely investigated and commer-
cially used [24,25], employed in different applications [26–30]. These devices are composed
of a nanostructured SMO as the sensing material and a heated substrate [9]. The role of
the substrate is significant for the proper device operation, because it not only acts as a
mechanical support of the sensing material but, also, it hosts the heater and electrodes.
The former allows the heating of the sensing material at its best working temperature,
whereas the latter are needed to read the electrical resistance of the sensing material [31].
The technical requirements for the optimal operation of a substrate are the high mechanical
and thermal stability, low chemical reactivity, low power consumption and suitability for
large-scale production. Until the 1990s, the most widely used material for substrate devel-
opment was alumina, both for research and commercial purposes, due to its thermal and
mechanical properties [32,33]. Nevertheless, its low processability, lack of chemical inertia
and high thermal dissipation was the driving force for the research of more appropriate
substrate materials [31,34]. Nowadays, silicon microheaters (MHs) are overwhelmingly
diffused, primarily due to the high suitability of silicon for the microfabrication process
and, in particular, for the development of technologies based on micro-electro-mechanical
systems (MEMS). This well-established, reliable and high-throughput process allows for
small, low-power consumption and cheap MHs [31,34,35]. Although the microfabrica-
tion process is well-known, great consideration needs to be devoted to designing the
device, which strongly impacts MH performances [31,34–36]. In the standard configuration
of a ready-to-use silicon MH, the heater and electrodes are placed over a free-standing
membrane, obtained by silicon wet or dry etching, to avoid the thermal dissipation by
conduction through the silicon bulk [31,34,35]. Therefore, a thermal and mechanical pre-
liminary evaluation is suggested for the design of the optimal layout and microfabrication
process for the MH development to obtain a device that meets the market demands of
energy-saving and mechanical stability.

The possibility of producing low-consumption devices enables multiple applications
where a continuous power supply through the power grid is not possible, such as air
quality monitoring in remote locations or off-grid areas like nature reserves, where they
could be used to check for leakage in pipes carrying hazardous gases. Different studies
investigated the development of microheaters for gas-sensing purposes with ever-lower
power consumptions. Hwang et al. developed a polysilicon microheater (heating area 2.3×
2.6 mm2) showing a power consumption of 250 mW at 450 ◦C with the power consumption
of 250 mW [37]. Several works have demonstrated that, by decreasing the heating area,
a temperature of 400 ◦C can be reached with a power consumption of about 50 mW for
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silicon-based microheaters [38–40]. The most energy-efficient catalytic sensors showed a
power consumption of about 15 mw at 450 ◦C [41], even if the introduction of innovative
nanofabrication methodologies allows to further decrease that value.

Nevertheless, the estimation of the overall power consumption is challenging, and
different approaches have been investigated so far [34,42]. To completely understand the
heat transfer in a chemoresistive gas sensor, the following dissipation phenomena must be
considered: (i) heat conduction, (ii) heat convection and (iii) radiation [43]. In free-standing
membranes, the main contributions to heat dissipation are heat conduction along the mem-
brane, heat conduction and heat convection by the surrounding air above and below the
membrane. The radiation contribution can be considered negligible due to the relatively
low working temperature [36,44–46]. The model proposed in this work aims at estimat-
ing the power consumption of a MH on a free-standing gas sensor membrane during
the design phase, prior to the microfabrication process. The proposed model is strictly
dependent on the geometrical features of the MH and the percentage area (A%) occupied
by it on the membrane. Therefore, it provides a powerful tool for a MEMS heater design.
A detailed discussion about the theoretical approach used for the model development will
be presented.

Alongside power consumption predictions [47], the failure of free-standing mem-
branes is a crucial aspect to consider in device production. Failures can occur along the
entire production process, from microfabrication to packaging and integration. Techniques
such as reliability testing and a failure analysis are used to identify the root causes of failures
and improve the MEMS design and production while guaranteeing a lower device infant
mortality. The MIL-STD-883 procedure encompasses some of the highest requirements for
reliability assessments of microcircuits used in space applications. Relevant assessments for
free-standing membranes are mechanical tests. The standards include mechanical shock,
visual inspections of components and vibration and bond testing (MIL-STD-883 method
2002.5, 2010.14, 2005.2, 2026, 2011.10 and 2023.7) [48]. However, in semiconductor manufac-
turing, reliability testing is mostly performed at the end of the production cycle, after the
sensor is packaged or integrated with its electronics. Therefore, a more robust reliability
assessment is required in the former production stages, i.e., during microfabrication. Thus,
the need for identifying premature failures during microfabrication and the lack of a unified
standard for such tests led scientists to the design of several setups for MEMS mechanical
characterization [49–51]. The membrane deflection tests described in this study show a fast
and versatile reliability testing by indentation. It can simulate the mechanical overload
conditions that could develop, for instance, during the screen printing on silicon membrane
arrays. The present setup employs modified bond test equipment with a design similar to
that used by Fitzgerald et al. to apply torsion loads on MEMS micromirrors [52]. A clear
advantage of this setup over bulge testing [49–51] is its compatibility with automated test
methods. This setup offers fast screening for defective membranes and a qualification
for the MEMS microfabrication process. Destructive indentation tests were performed on
membranes with various lateral sizes. A statistical description of the failures of brittle
membranes can be given with the Weibull model [53] to extract the correlation of the ap-
plied force at which each membrane fails and the likelihood of this happening. These data
can be turned into a predictive model that is useful for comparing the mechanical strengths
of ready-to-use MHs and setting the parameters of the sensor preparation process [31].

To summarize, in this work, three MH layouts with three different membrane areas
were developed using the silicon microfabrication process. The performances of these
devices were evaluated to predict their thermal and mechanical behaviors in an effort
aimed at the optimization of the forthcoming MH layouts and process designs. A cross-
correlation of the mechanical and thermal analyses provides a means to tune the design
according to the required performance.
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2. Modeling of the Microheaters
2.1. Structure of the Microheaters

The fabrication process of silicon MHs used in this work was previously reported
in [31]. The starting substrate was a double-sided polished p-type silicon wafer (thickness
of 300 µm) with a <100> crystal orientation and a resistivity of 10–20 Ω·cm. A zero-stress
stack called ONO, composed of SiO2/Si3N4/SiO2, was deposited over the silicon wafer
by combining the thermal growth and low-pressure chemical vapor deposition (LPCVD).
Afterwards, a stack consisting of titanium as an adhesion layer (10 nm) and platinum
(120 nm) was deposited over the ONO stack by electron beam evaporation. Ti/Pt was used
for both the heater and electrodes, and the layout was patterned by the lift-off technique.
Platinum was chosen, because it provides excellent chemical stability and enables higher
gas responses [54]. An intermetal dielectric layer was deposited by plasma-enhanced
chemical vapor deposition (PECVD) to insulate the electrodes from the heater electrically.
After each layer deposition, annealing at 650 ◦C in N2 for 2 h was carried out to thermally
stabilize the deposited material. Finally, the membranes were released by wet etching,
using a 25%-w tetramethylammonium hydroxide (TMAH) solution to remove the silicon.
The size of each device, after the cutting step, was 3 × 3 mm2. Figure 1 shows the cross-
section of the final devices. The equipment exploited in the microfabrication process is
listed in the experimental section.
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Three different layouts were produced and analyzed in this work, named layouts 1,
2 and 3 [55], as shown in Figure 2.
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Figure 2. The three different layouts produced and tested in this work, named layouts 1, 2 and 3.
In all the layouts, the heaters are represented by grey serpentines, while the electrodes by blue lines.
Two reference resistances, depicted by green serpentines, were added in the devices for an extra
evaluation of the temperature coefficient of resistance.

For each of them, three different membrane areas were developed to investigate the
influence of the membrane area on the mechanical and thermal performances of the MHs.
The sizes of the three membranes were 0.9 × 0.9 mm2 (membrane A), 1.32 × 1.32 mm2

(membrane B) and 1.74 × 1.74 mm2 (membrane C), respectively (Figure 3).
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2.2. Thermal Model

As discussed in the introduction, heat transfer in a free-standing membrane occurs
mainly by heat conduction, heat convection and radiation. The contributions of conduction
and radiation can be obtained experimentally by measuring the power consumption in a
vacuum, removing the contribution of air dissipation, and by considering the different con-
duction (linear) and radiation (forth power) temperature dependencies [34]. This approach
is effective for already available devices but can hardly be used to design new devices.
In this work, based on the experimental results, simple models for basic understanding are
developed. The total heat flow can be expressed as the sum of the different components of
the thermal dissipation:

Qtot = Gm λm (Thot − Troom) + Gair λair (Thot − Troom) + Grad σε
(

T4
hot − T4

room

)
(1)

The above terms define the heat conduction through the closed membrane (first
term), the heat conduction through the ambient air (second term) and the heat loss due to
radiation (third term) in a steady-state condition. Gm, Gair and Grad are empirical values.
They are geometry-related variables providing knowledge about the closed or suspended
membrane geometry and its effects on heat loss. Thot and Troom denote the temperatures
of the hot active region and the ambient; the thermal conductivity of the membrane and
the surrounding atmosphere are λm and λair, respectively; ε is the emissivity and σ the
Stefan–Boltzmann constant. The various terms are discussed in the next sections, and
expressions for the geometry factors are obtained.

2.2.1. Membrane Heat Losses

For the evaluation of the membrane heat conduction, the perpendicular contribution
is usually negligible compared to the parallel one. For a free-standing membrane, a simple
model is obtained by approximating the square membrane as a round shape, therefore
switching to cylindrical coordinates [34], as depicted in Figure 4.
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are the radii of the heated area and the membrane, respectively.

This leads to a one-dimensional heat conduction problem that can be easily solved by:

Qmem =
2Πλmd(Thot − Troom)

ln(ra/ri)
(2)

where d is the thickness of the membrane, ri and ra the radii of the heated area and the
membrane, respectively, and λmis the weighted average of an n-multilayer membrane.

2.2.2. Air Heat Losses

Heat dissipation occurs by two processes, i.e., air convection and air conduction,
as described above. With respect to the above, there are different contributions to the
total heat dissipation of the top and bottom areas of the membrane. The air conduction
contribution of the top area is given by:

Qcond−top = 4πri λair (Thot − Troom) (3)

where λair is the heat conduction coefficient of air as a function of the temperature. On the
other hand, the contribution of the membrane bottom can be evaluated by:

Qcond−bottom =
λair A (Thot − Troom)

h
(4)

where h is the height of the etched silicon membrane, i.e., pit depth.
Regarding the air convection, its evaluation is more complicated than that of the heat

conduction. Given the lack of external forces, free convection is considered. The total heat
flow (Qair) from a heated membrane area to the surrounding air can thus be described as:

Qconv−air = α(m)A (Thot − Troom) (5)

where α(m) is the mean heat transfer coefficient. The theoretical determination of α(m) is
rather difficult, requiring knowledge of the temperature and the air speed, and it is not
reported in this work, because it has already been discussed in several manuscripts [20].
However, the heated free-standing membrane can be modeled as a horizontal plate of
characteristic size l under the condition of free natural convection.

3. Materials and Methods

The MHs were developed in the clean rooms of the Bruno Kessler Foundation
(FBK) [56]. A Centrotherm E 1200 HT 260-4 4 (Centrotherm International AG, Blaubeuren,
Germany) diffusion and LPCVD furnaces were used for the thermal growth of SiO2 (nom-
inal value 600 nm) and deposition of the Si3N4 (nominal value 100 nm) and SiO2 layers
(nominal value 200 nm), with a total membrane thickness of about 1.0 µm. An ulvac
EBX-16C with Ferrotec EV S-6 e-gun (ULVAC technologies, Inc., Kanagawa, Japan) was
used for the deposition of the Ti and Pt layers. The thermal annealing of the silicon wafers
was carried out using an Expertech CTR 200 (Expert Semiconductor Technology, Inc.,
Scotts Valley, CA, USA). The SiO2 intermetal passivation layer was deposited through an
STS-MPS PECVD (STS Semiconductor and Telecommunications Co. Ltd., Seoul, Korea).
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SiO2 was etched over the pad areas of the heaters through an OEM Tegal 903 ACS reactive
ion etcher (Tegal Corporation, Petaluma, CA, USA). Layouts of the deposited layers were
defined by the photolithography technique, using an SVG 8600 Photoresist Coat Track
(Silicon Valley Group, San Jose, CA, USA) and a Karl Suss automatic mask aligner (SUSS
MicroTec Semiconductor, Garching, Germany).

An automatic prober Accretech UF200R (Accretech, Tokyo Seimitsu Co., Ltd., Tokyo,
Japan) equipped with ATT LOW TEMP System L200T (Advanced Temperature Test Sys-
tems GmbH, Planegg, Germany) was used to perform the temperature coefficient of
resistance (TCR) measurements on all the produced devices. This system provides a nomi-
nal temperature stability of ±0.1 ◦C, an accuracy of ±0.5 ◦C and a uniformity (along the
chuck surface) less than 0.5%. Resistance measurements were performed at different tem-
peratures (20 ◦C, 60 ◦C, 100 ◦C and 140 ◦C) to extract TCR parameters on heather and bulk
resistors. Electrical measurements were performed using Agilent/Keysight equipment
(Agilent Technologies, Santa Clara, CA, USA), including a low-leakage Switching Matrix
Mainframe B2201A, with four modules of B2211A, and an SMU Mainframe E5270B, with
four medium-power high-resolution SMU E5281B, two high-power high-resolution SMU
5280B and a ground unit. Both SMU types have a nominal resolution of 10 fA and 20 uV.

Manual measurements were performed using a Karl Suss Manual probing station PM8
(SUSS MicroTec Semiconductor, Garching, Germany), equipped with an Agilent 4156C
Precision Semiconductor Parameter Analyzer (Agilent Technologies, Santa Clara, CA, USA)
with a nominal resolution of 1 fA and 2 uV. Each measurement was repeated three times.

Tests were carried out to evaluate the resistance of different membrane sizes and
layouts to the screen-printing pressure. The testing apparatus for destructive indentation
tests was a shear/pull tester (Condor Sigma, XYZTEC, Panningen, The Netherlands)
equipped with a stainless-steel flat conical tip with an end diameter of 290 µm and an
axial load sensor of 20 N and high displacement sensitivity. The test procedure consisted
of a manual approach along the z-axis, ending within 50 µm of distance from the surface
of the membrane. The tip was optically aligned in the center of the membrane using
heater geometry as the xy reference. The mechanical characterization was in a quasistatic
regime with a vertical speed of 10 µm/s, and the data were recorded at a 250-Hz sampling
frequency (or the highest sampling frequency). Test distance was set in the range of
150–400 µm to reach the fractures in all samples, depending on the deformability of the
membranes. Sample fractures were video-recorded with a high-speed setting of 240 fps.
The stainless-steel tip was cleaned from debris in between tests. Membrane testing was
performed on silicon pieces containing arrays of several membranes. Each silicon piece
was secured in place on a thick aluminum plate through a thin bi-adhesive Kapton tape.
The sample size for each membrane set was the following: 20 MHs of 1A, 11 MHs of 1B,
30 MHs of 1C, 44 MHs of 2A, 11 MHs of 2B, 19 MHs of 2C, 8 MHs of 3A, 16 MHs of 3B and
30 MHs of 3C. The indentation tests were used to register the force–deflection curves until
the fractures of the clamped square membranes. Each curve was analyzed to extract the
MH failure force, defined as the maximum of the force–deflection curve, and the work of
the fracture was defined as the integral of the curve.

A statistical method was used to cross-correlate the results obtained from the thermal
predictive model and the mechanical failure analysis and to define a comprehensive
model for tuning future sensor layouts to the required performance. The entire statistical
analysis was done using the programming language R [57] following the statistical strategy
described in previous works [58–61]. An initial comparison by verifying the presence of
a significant difference among the various groups was performed by using the analysis
of variance (ANOVA) and was followed by a Tukey multi-comparison test. The level of
significance was assigned as follows: p≤ 0.1 (.), p≤ 0.05 (*), p≤ 0.01 (**) and p≤ 0.001 (***).
A response surface methodology (RMS) was adopted to model the empirical equations
relating the considered factors to the yields. In this case, we considered two continuous
factors, the area covered by the heater (Factor X) and the length of the squared membrane
(Factor Y), and two yields, the produced power (mW) and the mechanical strength (N).
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Table 1 shows the considered group. The complete model is reported in Equation (6).
An ANOVA test followed by a Tukey multi-comparison test was conducted to verify the
significance of each term of the reported equation. Only the terms with a significant effect
(p ≥ 0.01) were included in the model. The function F was chosen to both normalize the
model residues and to make them patternless. The model was considered significant with
a p-value ≤ 0.05. To evaluate the goodness of the model fit, the coefficient of determination
(r2) was calculated. A model with a perfect fit had a r2 = 1.

F(Z) = c0 + c1X + c2Y + c3XY + c4X2 + c5Y2 + c6X2Y + c7XY2 + c8X2Y2 (6)

Table 1. Combinations of membranes and layouts tested with the corresponding associated con-
tinuous factors. The values of the factors were used to build the empirical models during the
statistical analysis.

Group Factor X-Area Layout
(mm2)

Factor Y-Area Membrane
(mm2)

1 0.15 0.81
2 0.15 1.74
3 0.15 3.01
4 0.56 0.81
5 0.56 1.74
6 0.56 3.01
7 0.77 0.81
8 0.77 1.74
9 0.77 3.01

4. Results and Discussion
4.1. Thermal Model for Power Consumption Evaluation

As discussed in Section 2.2, the analytic evaluation of the power consumption during
the MH design phase is a challenging task. Here, we formalized a predictive model to
establish the best A% (A% = MH area/membrane area).

In order to simplify the approach, not all the contributions described in Section 2.2
were considered. Hille and Strack [42] hypothesized that the heat transfer from a free-
standing membrane to the ambient is determined mainly by convective heat transfer on
the top side and by thermal conduction through the air on the backside. They demon-
strated that the constant of thermal conductivity (λair) at the backside is three orders of
magnitude lower than the heat transfer coefficient (α(m)) at the front side. Moreover, also,
the irradiation contribution can be considered negligible due to the relatively low working
temperature of the MH, which is about 400 ◦C. Therefore, in the model developed in this
work, three thermal loss contributions were considered: (i) heat conduction along the
membrane, (ii) heat convection from the top side and (iii) heat conduction through the air
on the backside. Consequently, the overall power consumption is given by:

Qtot = Qmem + Qtop + Qbot (7)

where Qmem is calculated in Equation (2), Qtop in Equation (5) and Qbot in Equation (4).
To evaluate the effectiveness of the predictive thermal model, the theoretical total

power consumption in Equation (7) is compared with the MH experimental power con-
sumption on the three different membrane sizes: A—small, B—medium and C—large.

Figure 5 displays the power consumption obtained using the first approximate model
(Equation (7)). The model represented by Equation (7) does not fit the experimental data,
predicting a much larger power consumption. The large mismatch is due to the incorrect
initial hypothesis of the constant temperature of 400 ◦C over the entire membrane area.
This shortcoming can be tackled with two different approaches: (i) via an experimental
evaluation of the temperature gradient or (ii) by introducing a corrective coefficient (K).
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Performing a precise in-situ experimental measurement of the temperature gradi-
ent can be challenging due to the limited spatial resolutions of the common infrared
thermographic imaging techniques. Therefore, to outweigh the incorrect assumption of
the constant working temperature on the entire membrane, we introduce the coefficient
KEAD. The calculation of the corrective coefficient KEAD was based on the measured power
consumption of layout 1 and then applied on layouts 2 and 3.

The equation to calculate the KEAD from the experimental results of layout 1 is
given by:

Qtot = Qmem + KEAD
(
Qtop + Qbot

)
(8)

KEAD =
Qtop −Qmem

Qtop + Qbot
(9)

where Qmem, Qtop and Qbot were already explained in detail in Section 2.2. Figure 6a reports
the value of the KEAD calculated in Equation (8) as a function of the temperature and
the membrane dimensions. It is clear that the value of KEAD is strongly affected by the
temperature and by the A%. The plot shows an asymptotic value at a high temperature
depending on the A%: the higher the A%, the higher the asymptotic value of KEAD.
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Indeed, as shown in Figure 6b, the value of the correction coefficient KEAD can be
modeled as a power law of A%, in which the coefficients are a function of the temperature,
and it is given by:

KEAD(A%, T) = a(T) A%b(T) (10)



Sensors 2021, 21, 783 10 of 19

where the coefficients a(T) and b(T) are reported in Table 2.
Thereby, using a corrective coefficient KEAD, it is possible to obtain an excellent fit of

the thermal power consumption as a function of the working temperature. The developed
predictive model was tested on layouts 2 and 3 for validation. The A% related to the three
different layouts (1–3) and the three different membrane sizes (A–C) are listed in Table 3.

The value of KEAD of Figure 6 is calculated in the range 200–600 ◦C from the values of
A% of layouts 2 and 3 reported in Table 3. Thereby, the theoretical power consumption of
layouts 2 and 3 on membranes A, B and C are calculated and compared to the experimental
measurements, as shown in Figure 7. As plotted in Figure 7, the predictive model with
the constant KEAD fits almost perfectly the experimental curves: this indicates that the
model allows for the prediction of the power consumption of an MH during the design
phase, achieving one of the purposes of this work. Clearly, the smaller the MH and the A%
occupied, the lower the power consumption will be. Nevertheless, the results show that
the membrane size significantly affects the power consumption only for A% higher than
50%. In conclusion, the results underline that the optimal A% of a MH is around 50%, since
a lower A% does not significantly reduce the power consumption but negatively impacts
the toughness of the membrane (Section 4.2).
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Table 2. Values of the coefficients a(T) and b(T) in the temperature range of 200–600 ◦C.

T (◦C) a(T) b(T)

200 0.001839 1.303
300 0.001590 1.296
400 0.001794 1.249
500 0.001742 1.234
600 0.001825 1.213

Table 3. Values of A% occupied by layouts 1–3 over membranes A–C.

Membrane Layout 1 Layout 2 Layout 3

A 95% 69% 18%
B 44% 32% 9%
C 25% 18% 5%

The constant KEAD and its analytic functions are related to the structure of the free-
standing membrane and of the device investigated and produced in this work. There-
fore, some adjustments must be made before applying the predictive thermal model to
other devices.

4.2. Mechanical Failure Analysis

The MH membrane should have high mechanical stability to withstand the stresses
of the last microfabrication steps, such as cutting, deposition of the sensing material and
bonding. In general, it should also be sufficiently robust to allow carefree handling of the
final gas sensor and its use. Thus, an evaluation of the membrane mechanical stability is of
utmost importance to define the quality of the working MHs and maximize the production
yields of the sensors.

Compared to bulge testing [48], where single membranes have to be handled singu-
larly, indentation is a more appropriate reliability testing technique, as it enables the testing
of large arrays (see Figure 8) with minimum delay between the test experiments and can
be implemented and automated in a bond tester setup, as shown in this work.
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To date, a unified international standardization approach for testing the mechanical
properties of MEMS [62] was lacking, while a wide variety of test methods were developed
and used to characterize MEMS [49]. A rigid indenter setup offers the benefits of direct
strain measurements compared to other methods [49,62], and it is suitable for automated
testing. It allows for quick testing and the extraction of the characteristic force-deflection
curves displayed in Figure 9.
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Compared to bulge testing or axisymmetric tests on circular membranes, which
can be modeled with a closed analytical formulation, the large deformations reached
in destructive indentation tests on rectangular-shaped membranes often require a more
complex formulation with a higher number of parameters to be solved [51,63] or a finite
element analysis [51,53,64] to obtain an accurate representation of a multilayer MEMS.

The force–deflection curves of Figure 9 are correlated with the mechanical stability and
resistance of MH throughout the sensor fabrication process. For instance, the failure force
(see Figure 10a) gives a useful reference for the maximum force that MH can withstand.
A similar indication (see Figure 10b) can be found in the work to fracture required to
break the MH having dimensions in the range of µJ. Comparing different layout and sizes,
we report a five ÷ six-fold difference between the strongest and toughest layout (2A), with
205 mN of failure force and 3.66 µJ of work to fracture, and the least-resistant layout (3C)
that showed 37 mN and 0.59 µJ. The overall trend of the three membrane layouts was
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downward in both the failure force and work to fracture by increasing the membrane
size from A to B and C. For all three layouts, the small membranes were the strongest.
This is expected behavior due to the defect–size effect that makes smaller membranes (A)
more resistant.
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To sum up, these data are valuable not only as a qualification test or to guide design
choices but, also, to understand how many membranes will break during the successive
processing steps.

Among the steps inducing stress on the produced membranes, the sensing material
deposition generates one of the most demanding loading conditions. The deposition ranges
from in-situ self-assembly [65] to inkjet printing [66] and screen printing [67], which are
ranked by increasing the applied force on the substrate. Particularly for screen-printing,
which is the technique mainly used to produce SMO thick-film gas sensors, MEMS damage
is not rare. Thus, a common prerequisite in the literature is to use the lowest force to
minimize the membrane damage [68].

However, this indication that lacks the force ranges is not enough for the best design
practices, so a direct mechanical characterization is required to cover this gap. The objective
of the destructive deflection tests of this work is to provide a model for predicting the
membrane failures that consider multiple parameters, such as the membrane size, layout
and statistical distribution of the membrane strengths and the pressure applied during
screen printing of the sensor film.

Destructive testing prior to sensor film deposition is required to determine the scale
and shape parameters of the statistical distribution of membrane strength for each layout.
A Weibull two-parameters fit was chosen, as it well-describes [53] the failure distributions
of brittle ONO membranes. The probability density function describes the likelihood of
membrane failures in the following equation:

PDF =
b
a
(

x
a
)

b−1
e−(x/a)b

(11)

where x is the measured failure force of MH, and a and b are the scale and shape parameters
of the Weibull distribution, respectively. This statistical distribution is used as the basis
for the prediction of failure, as represented in Figure 9. Indeed, it is possible to predict the
yield in terms of a broken MH after the experimental assessment of the minimum squeegee
force needed for a good quality deposition of the sensor film (i.e., 0.16 N on a 3 × 3 mm2

device) and the knowledge of the probability density function for MH failures.
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The force acting on a single membrane is calculated from the area fraction that each
membrane occupies on the wafer and with a squeegee applying an equally distributed
pressure on the array of silicon devices. Thus, the cumulative probability of failures for an
MH membrane at a given applied force x is:

p = F(x|a, b) =
∫ x

0
ba−btb−1e−(

t
a )

b
(12)

These distributions can be used in practice. Using as input the force acting on the
single MH, which is a fraction of the 0.16-N deposition force, the percentage of broken MH
yielded from the deposition process can be estimated, as shown in Table 4.

We notice that the membrane size C shows an estimated percentage of broken mem-
branes that is too high to be acceptable for production. Indeed, the desirability of the three
sets of the C membrane is the lowest (see Figure 11) and is not advised as the support
structure for chemoresistive gas sensing. Therefore, for design purposes, only A and B
sizes should be considered. Both sets show a very high production yield, with a maximum
percentage of about 2% of broken MHs. Regarding the mechanical stability, both A and B
membrane sizes can be used in the MH for gas sensor development.
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Figure 11. Contour plot of the calculated total desirability. The numerical system was optimized
to both minimize the power consumption and to maximize the mechanical strength. The optimal
result is signed in the graph with a flag. Interestingly, the optimal point result was between the tested
points, indicating the fact that the resolution of the problem was nontrivial.
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Table 4. Estimated percentage of the broken microheater (MH) for each set of membranes. The val-
ues were derived according to a vertical deposition force of 0.16 N equally distributed over each
device surface.

Membrane
Layout

Membrane
Size

Estimate Percentage of
Broken MH (%)

1 A ~0
1 B ~0
1 C 37
2 A ~0
2 B 2
2 C 100
3 A ~0
3 B 1
3 C 100

4.3. Statistical Model for the Cross-Correlation of Thermal and Mechanical Analyses

A statistical method was employed to cross-correlate the thermal predictive model
and mechanical failure analysis. The cross-correlation aims to define a comprehensive
empirical model for the optimization of the MH design.

First, two separated empirical models were developed for power consumption and
mechanical response by following the approach reported in the experimental section. The
empirical model for power consumption (Equation (13)) fits the data with a r2 = 0.998,
whereas the one developed for the mechanical response (Equation (14)) had a r2 = 0.924.

P(mW) = 36.199 + 166.749X− 17.2561Y + 33.9073XY− 61.5141X2+
4.75602Y2 − 51.2679X2Y− 18.8218XY2 + 20.6892X2Y2 (13)

F(N) = −3.71972 + 16.44X + 1.44057Y− 16.5341XY− 17.9295X2−
0.422435Y2 + 18.2888X2Y + 3.6002XY2 − 3.92455X2Y2 (14)

Then, the merge and optimization of the empirical models was performed via a
numerical method based on the desirability functions. These functions are in the [1, 0]
range, where 1 represents the optimum solution. One of these functions was assigned to
each of the considered yields. We used the following notation: Zi as the specific yield, di as
the corresponding desirability function and Ui and Li as the maximum and the minimum
values of the yield, respectively. For the maximization of Zi, the function is reported in
Equation (15), and, for the minimization, in Equation (16). The overall desirability is the
geometric mean of all these functions, as reported in Equation (17), with k equal to the total
number of yields (in our case, two). Then, D is plotted against the process factors to find its
minimum value and, thus, the best solution.

di =


1 i f Zi ≥ Ui
Zi−Li
Ui−Li

i f Li ≥ Zi ≥ Ui

0 i f Zi ≤ Li

(15)

di =


0 i f Zi ≥ Ui
Zi−Li
Ui−Li

i f Li ≥ Zi ≥ Ui

1 i f Zi ≤ Li

(16)

D = (d1d2d3 . . . dk)
1
k (17)

A specific case study was investigated by exploiting the desirability factor. Aiming
at the design optimization for future MH development, it was decided to consider the
maximization of the mechanical response (fracture force) while minimizing the power
consumption. Furthermore, the maximum force applied to the MH during the screen-
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printing deposition (0.16 N) was chosen as a threshold for the mechanical response. Indeed,
MHs with a mechanical performance above this maximum threshold are welcome, even if
they do not offer a significantly desirable advantage for a MH design.

The color-coded desirability obtained is reported in Figure 11.
The desirability trend obtained in this specific case study is in-line with the standard

physical interpretation. Giving the same importance to the two yields, we discovered that
the highest desirability is obtained by increasing as much as possible the mechanical stabil-
ity of the membrane (which is obtained for smaller membranes, as shown in Section 4.2)
and decreasing the power consumption of the MH, which decreases by decreasing the
heater layout surface (Section 4.1). Interestingly, the highest desirability solution is not
trivial, depicted in Figure 11 (desirability of 0.833), as it lies outside of the tested points but
very close to layout 3 on the smallest membrane area produced (A). However, the trend
for increasing the desirability in the tested domain is clear, and it might be possible to
achieve a higher desirability with a bigger layout and smaller membrane size than the 3A
MH. In conclusion, the desirability surface lines obtained in Figure 11 are beneficial for the
production of forthcoming microheaters. They allow us to identify the best compromise
between the type of layout and membrane size in order to obtain a MH with low power
consumption and high mechanical stability. Indeed, silicon-based gas sensors are devices
that require power efficiency, sensing abilities and mechanical stability during fabrication
and during operation to withstand high thermal stresses [69]. Thereby, to guide design
choices, an approach that couples all the previous factors should be considered, as it could
lead to the highest desirability [70]. Being able to tune beforehand the power consumption
is useful for outdoor applications [71], where the battery life represents a cap on the perfor-
mance, or smartphone portable air monitoring systems [72] and self-powered wearable
devices [73].

The empirical model here reported can be further expanded and improved by consid-
ering other variables, such as the uniformity of the temperature distribution on the MH
and the mechanical stability of the membrane at high temperatures.

5. Conclusions

In this work, three different microheater layouts on three different membrane areas
were produced at the FBK by exploiting silicon microfabrication technology. To optimize
future MH layouts and process designs, the thermal and mechanical efficiencies of these
devices were assessed by using both experimental and theoretical methods to predict their
behaviors. In particular, the predictive thermal model was developed to correlate the
power consumption and a design parameter of the MH called A% (i.e., the percentage of
the membrane area occupied by the heater). The model considered three contributions:
(i) heat conduction along the membrane, (ii) heat convection from the top side and (iii) heat
conduction through the air on the backside. A dedicated coefficient (KEAD), evaluated from
the experimental characterization of the MH thermal performance, was also introduced
into the model as a correction from the initial ideal assumption of a constant working
temperature over the entire membrane. The final model matched the experimental data
very well and illustrated the close relationship between A% and the power consumption.
The failure analysis showed that the membrane size and MH layout greatly impact the
failure forces, with the smaller membranes being the strongest. Furthermore, the analysis
led to an estimation of the yield in terms of working devices from the final processing
steps. In conclusion, a statistical method was used to combine the results of the thermal
and mechanical investigations. A desirability factor was introduced for the predictive
evaluation of MH performances, a new tool to define the best combination of layouts and
membrane areas to design forthcoming microheaters for gas-sensing applications.
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