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Conductometric gas sensors based on SMO films must be heated to temperatures up to 550 °C in order to initiate
the molecular adsorption process at the SMO film’s surface. Very often platinum is used as the microheater
material. The long-term reliability of these devices are primarily associated with the mechanical stability of the
micro-electro-mechanical systems (MEMS) structures used to hold the microheater suspended and thermally
isolated from other integrated components, such as analog and digital circuitry. However, previous studies have
shown that that electro-migration and thermo-migration phenomena could potentially exacerbate the stress
build-up in platinum microheaters and contribute to their eventual failure. In this manuscript we propose a
means to quantify the impact of vacancy transport on stress build-up in two novel microheater designs under
electro-migration and thermo-migration phenomena. The first design is aimed at improved temperature uni-
formity and the second is aimed at microheater array operation, taking advantage of high temperature gradients
to simultaneously provide multiple temperatures at different sensor locations. Our analysis shows that the
thermo-migration force is much higher than the electro-migration force, meaning that the high thermal gradients
in these devices contribute far more to vacancy transport than the atom transport induced by the electron wind.
Furthermore, we calculate that our proposed designs are highly resistant to failure due to vacancy migration by

calculating the mean-time-to-failure to be on the order of 10'® seconds under typical operating conditions.

1. Introduction

Several different types of sensors rely on the integration of a hotplate
or heater element in order to enable their primary sensing functionality.
Some typical examples of these are SMO chemoresistive gas sensors
[1-3], infrared emitters for NDIR optical gas sensors [4-6], and thermo-
electric infrared microbolometers [7,8]. SMO sensors rely on a redox
reaction on its surface, which requires heating the sensitive film to
temperatures between 200 °C and 550 °C, while NDIR gas sensors
require temperatures above 600 °C to provide a reasonably strong IR
signal [6,9].

1.1. Background

To allow for the necessary sensor heating a microheater or micro-
hotplate is integrated within the device, underneath the sensing film. To
ensure proper integration with analog and digital electronics and to
allow for cost-effective fabrication, the integration of the microheater
and SMO film with CMOS fabrication techniques is highly desired [10].
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This means that the choice of material is somewhat limited and quite
commonly, the microheater material is Pt [11] or W [12]. Tungsten,
while being practically resistant to EM and TM phenomena, tends to
form an oxide when exposed to air at high temperatures, requiring a
capping layer [13]. Platinum, on the other hand, is very stable, has a
linear temperature response, and is resistant to oxidation for a broad
range of operating temperatures [14]. Nevertheless, there is some
experimental evidence of detrimental EM or TM forces in thin platinum
films and lines, leading to atom migration [15,16]. Therefore, it is
important to ensure that newly proposed platinum microheater designs
will not experience early failure due to these effects. The EM and TM
effects in microheaters very difficult to qualify and fully understand
experimentally since there are always several effects influencing the
different material stacks at high operating temperatures, including
diffusion of atoms from the adhesion layer, thermal expansion, mem-
brane deflection and relaxation, and cracking and delamination
[17-19]. Ultimately, when we propose a new platinum-based micro-
heater design, we need a means to ensure that it will be resistant to
potential EM and TM failure.
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The heating of a metallic microheater is induced by the Joule effect,
which requires the application of elevated current densities. The
elevated current densities and temperatures are synonymous with po-
tential failure in metallic lines due to the induced vacancy transport and
accumulation, resulting in stress [20-22]. The most common theoretical
studies involving vacancy-induced stress are based on EM in copper
interconnects for advanced CMOS devices [23-25]. For these studies,
the experimental measurements and simulations are performed at
elevated temperatures (around 300 °C) in order to accelerate the va-
cancy transport since at room temperature, the time to failure can be on
the order of months or years. Due to this factor, the TM component
inducing vacancy transport is often ignored, while it is well known that
TM can exacerbate the vacancy transport and cause early failure [22].
Since copper interconnects are generally operated near room tempera-
ture and high thermal gradients are much less common than high cur-
rent densities, it is appropriate to ignore the TM component in these
devices and concentrate primarily on EM as the principal driving force
behind vacancy migration. However, this is not likely to be the case for
microheaters. A recent work on a typical meander microheater has
demonstrated that TM should not be ignored when analyzing these
structures, as the TM component can be higher than the EM component
therein [26]. Furthermore, the potential for EM and TM induced failure
has been experimentally shown in thin platinum films [15,16]. There-
fore, in this manuscript, we study the EM and TM phenomena in two
recently proposed microheater designs, which are aimed at low-power
and microheater array applications [11]. This further allows quanti-
fying the impact of EM- and TM-induced stresses in comparison to the
commonly studied thermo-mechanical failure mechanism [19,27].

1.2. Modeling the mechanical stability of gas sensor microheaters

One of the primary challenges in designing gas sensor microheaters is
ensuring their mechanical stability. The stacked membrane structures
can suffer from several types of thermally induced stresses during
fabrication and operation [27]. To model these properly, one must
analyze the internal stress accumulation in the sensor microheater and
the membrane layers, including SiN and SiO 2. The stress could directly
impact the generation of crystalline defects, poor adhesion between
layers, and formation of undesirable surface growths [19]. Furthermore,
the build-up of stress in very small regions can lead to initial cracking
and delamination, ultimately resulting in complete device failure [28].
For this reason, modeling stress in these structures has become essential,
especially due to the elevated temperatures involved in the fabrication
and operation of these devices. These simulations are most often per-
formed using FEM tools in order to calculate essential parameters for the
verification of the thermal performance, including the temperature
distribution, thermal response time, temperature gradient, heat losses,
and heat exchange between the sensor and environment [19].
Measuring these parameters without the help of FEM tools may be
challenging and is in some cases impossible, especially if the tempera-
ture is changing quickly or needs to be measured inside the materials
themselves.

The thermal strain ¢4, builds up due to a change in temperature and is
governed by

en =a(T—T,), (€))

where a is the coefficient of thermal expansion for the material and T —
Ty represents the change in temperature which leads to the build-up of
thermal strain. In addition to the thermal strain, the metal microheater
film may suffer from intrinsic stresses which arise during the film’s
growth. The intrinsic stress has been attributed to several phenomena
[19] including grain growth [29], grain coalescence [30], the vacancy
annihilation [31], annealing [32], insertion of excess atoms [33,34], or
Misfit stress [35,36]. The intrinsic stress is very difficult to measure and
is therefore commonly calculated by subtracting the thermal stress from
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the as-measured stress at room temperature after film deposition
[19,37]. Alternatively, there are models which can be used to estimate
this stress, such as the Volmer-Weber growth model, commonly applied
to study stress during the growth of thin metal films [37,38].

While thermo-mechanical simulations are most appropriately
modeled using FEM tools, electro-thermal simulations have also been
studied using other techniques. One common method is the Cauer
network model, which discretizes the entire sensor geometry and assigns
to each discretized element a thermal resistor and thermal capacitor
which take into consideration the various heat losses, including
conductive, convective, and radiation [39,40]. The combined geometry
is then modeled using a simple Spice-like circuit which helps to study the
transient electro-thermal behavior and power-temperature relationship
without the need for FEM tools [41].

Once the stress is known, the important question to answer is
whether fracture can occur. To simulate this, a fracture parameter model
needs to be determined in such a film stack in order to be able to
simulate the crack driving force [42]. In principle, a crack with an initial
length [y will extend if the CDF exceeds the crack growth resistance R,
[43]. The resistance R. depends on several material parameters,
including the fracture toughness and plasticity, as well as on the ge-
ometry [19]. There are several regimes which can be used to represent
fracture mechanics, which depend on the material involved. These are
LEFM and EPFM or NLFM [44]. LEFM applies if the plastic deformation
during crack growth is zero or limited, while EPFM applies when the
body experiences significant plastic deformation. The equations which
must be solved to calculate the impact of the stress near a crack on its
propagation in time are summarized by Coppeta et al. [19].

2. Platinum microheaters for SMO gas sensors

The two platinum microheater designs whose EM and TM response
we want to study here were initially proposed by Lahlalia et al. in [11].
The first design (D1) concentrated on reducing the operating power
while providing a highly uniform sensing area using a dual-hotplate
design and the second design (D2) was aimed at providing a micro-
heater array, where a single device simultaneously provides two
different temperatures. In this study, our aim is to understand the impact
of TM and EM on the proposed microheaters’ reliability, whether these
phenomena should be investigated when novel designs are presented,
and whether improving temperature uniformity can help in improving
the sensors’ lifetimes. The studied designs both contain a 200 nm-thick
platinum microheater, with a titanium tungsten (TiW) dielectric, on a
Si05/SiN/SiO5 membrane stack with thicknesses 500 nm/300 nm/500
nm. The MEMS membrane is released by etching an air cavity below it,
while it is held up with the help of four or three suspension beams, for
designs D1 and D2, respectively. Finally, an additional 300 nm SiO,
isolation is deposited on top of the microheater, followed by the sensing
film (SnOy) and the platinum electrodes, once again with a TiW
dielectric below it to ensure good adhesion to SiO,. The two designs are
given in Fig. 1 where the first design (D1) provides 300 °C to a circular
sensor with a 180 m diameter, while consuming a modest 7.3 mW DC
power and a temperature variation from center to edge of about 4%,
depicted in Fig. 2(a). The high temperature uniformity was shown to
lead to a faster response and higher sensitivity of SMO sensors in pre-
vious studies [1].

For SMO sensors, the major hurdle to overcome is selectivity and
specificity since it is difficult to ascertain precisely which gas molecule
adsorbs at the surface, causing a change in its conductance [10]. The
introduction of specificity is commonly achieved using a sensor array,
where each sensor is fabricated with an improved selectivity towards a
particular gas molecule [45]. The array is commonly designed by using
different sensing films or by introducing different dopants for different
sensor chips, then connecting these together using a microcontroller
[46]. However, the sensor arrays are bulky and require too much power
to be applicable for integrated and portable technologies. Therefore, for
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Fig. 1. SMO designs and their microheater shape (inset) for (a) Design D1: A dual-hotplate design for a highly uniform-temperature microheater and (b) Design D2: A
microheater array. Note that the Pt microheater layer in (b) is also deposited underneath the AlCu line in the microheater shown in the top right inset.
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Fig. 2. Operational temperature distribution of the designs presented in Fig. 1
with (a) design D1: dual-hotplate and (b) design D2: microheater array.

our second design (D2), we proposed replacing the sensor array with a
microheater array, whereby the inherent temperature non-uniformity in
a microheater is used to provide a highly efficient sensor array, depicted
in Fig. 1(b). Each combination of sensing film and target gas has an
optimal operating temperature and by providing multiple temperatures
on the same sensing film, selectivity can be introduced using more
efficient, less power-hungry designs [11]. The presented design achieves
simultaneous temperatures of 350 °C and 270 °C while dissipating only
8.8 mW of DC power (Fig. 2b). However, our main concern with this
design is the presence of high temperature gradients therein, which
could lead to a significant increase in TM-induced strain and early
failure [22], which we study in this manuscript. For both presented
designs, we have designed the microheater to avoid sharp corners and

edges which can lead to current crowding and increased EM effects, as
was shown to be the case for the meander design [26].

3. Vacancy transport in platinum

Atoms migrate inside a metal layer due to three primary driving
forces, EM, TM, and SM. The physics behind these forces and a model
which is applied to simulate their behavior inside platinum microheaters
are described here.

3.1. Physics of vacancy transport

The driving force behind EM and TM induced failure stems from the
accumulation of vacancies leading to void formation and the accumu-
lation of atoms leading to hillock formation. These two effects lead to the
generation of increased tensile and compressive stresses, high stress
gradients, and ultimately SM. The stresses can either cause cracking in
the film or they can ultimately lead to the formation of a void which
grows to induce an open-circuit failure [47]. The change in the vacancy
concentration Cy in time t is given by summing the effects of the EM- and

TM-induced vacancy flux 7, and the vacancy generation and annihi-
lation G taking place at grain boundaries and material interfaces. A
further effect caused by the induced stress gradient Vo must also be
included, commonly referred to as SM. Generally, it is assumed that the
stress gradients inside the as-deposited film is minimal, therefore the
factors which kick-start the vacancy transport are EM and TM. The
induced stress due to these two factors increases over time, ultimately
leading to the SM component being the most pronounced in the later
stages of failure. The equation which governs the change in vacancy
concentration over time is given by

o6C,

_
- _v. 2
5 V-J,+G, 2

where the vacancy flux is related to diffusivity D, which governs the EM,
TM, and SM fluxes, given by
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The total vacancy flux is given by sum of the vacancy concentration
gradient VC, and these components, given by

J. =-D, {vcl, + kC—T (ez* Vo — %VT + f.QVa) } , )

where k is Boltzmann’s constant, T is temperature, e is elementary

charge, ¢ is electric potential, p is resistivity, 7 is current density, and o
is hydrostatic stress. The other parameters used in the model, their
meaning, and their measured values for platinum thin films are provided
in Table 1. These parameters were collected from a literature study, as
noted in the table. For a metal such as copper, the effective valence Z* is
a relatively high negative number (-5) [48] while for platinum, Z* is a
much lower positive value (0.3) [49], suggesting that EM is less effective
in platinum films.

Regions of the film which experience a high current density j and
electric field Ag increase their temperature due to Joule heating, which
is another reason why sharp edges and corners should be avoided.
Therefore, the direction of the temperature gradient AT is the same as
the direction of the electric field Ag. The TM force moves atoms from hot
to cool areas along high temperature gradients which is where they tend
to accumulate and cause high compressive stress. In platinum, the EM
force is in the opposite direction, due to the positive valence value. As
shown in Eq. (4), the EM component (eZ* V ¢) is opposite in sign to the
TM component (Q* V T/T) when Z*>0, as is the case for platinum.
Therefore, we can expect that the effects of EM and TM will be opposite
since vacancy accumulation induces tensile stress and atom accumula-
tion induces compressive stresses. Furthermore, the parameter of atom
diffusivity D, also depends on the induced stress ¢ [50,51] as defined by

Qo — E,
D, = D,gexp <k7T> . 5)

The vacancy generation/annihilation term G from Eq. (2) is defined
by the Rosenberg-Ohring function [52] given as

G= %(cv —Cy). (6)

When an atom is exchanged by a vacancy, the effective volume
change leads to the build-up of strain ¢ [58]. The vacancy-induced strain
causes a stress ¢ to form, determined by Hooke’s law, assuming elastic
material properties [59]. While some of the applied simulation tem-
peratures would suggest the need to introduce plasticity to the Pt film

Table 1
Parameters used for the simulation of vacancy-induced stress build-up and
failure in platinum.

Symbol Description Value Ref.
Cyo Equilibrium vacancy concentration 1.07x10'® cm ™3 [53]
Dyo Diffusivity pre-exponential factor 0.22 cm?s~? [54]
E, Activation energy for diffusion 2.89 eV [54]
f Vacancy relaxation factor 0.5 [55]
Q Atomic volume of Pt 1.51x1072° m® -

Q* Heat of transport 0.68 eV [56]
T Vacancy relaxation time 200 ms [57]
z* Effective valence 0.3 [49]
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[60,61], the goal of this investigation is to study the effects as they
would be at normal operating temperatures, up to 350 °C, which can still
be described as mainly elastic while plasticity is observed above about
600 °C [61,62]. Once the induced stress reaches a critical threshold o,
the metal layer will either crack or a void will form which then proceed
to grow, increasing the line resistance and eventually causing an open
circuit failure [63]. The dependencies between the different forces
acting on the metal atoms (EM, TM, and SM), their driving forces (j, T,
AT, o, and Ao), and the vacancy transport parameters (C, and D,), as
discussed in the above equations, are visually represented in Fig. 3.

3.2. Modeling vacancy migration in platinum

The complexity of modeling vacancy transport becomes clear after
observing the interplay between different parameters in Egs. (2)-(6),
noted in Fig. 3. In the case of copper interconnects, EM simulations and
experiments are performed under accelerated conditions, meaning that
a very high current density and a high uniform temperature are applied
[48,16,25]. Using Black’s equation, the behavior at accelerated condi-
tions can be extrapolated back to operating conditions to find the MTTF
[64]. To simulate EM, TM, and SM in microheaters, only an increased
current density is applied and a uniform temperature is not prescribed,
but rather it is solved for using Joule heating, represented by the arrow
from j to T/AT in Fig. 3. This allows for the simulation of naturally
forming temperature gradients in the microheater layer, which is
commonly ignored when performing EM simulations in, e.g., copper
interconnects [25,65], but is essential in microheaters with a poor
temperature uniformity. The general flowchart to simulating these
phenomena and solving vacancy transport and the induced mechanical
stress is given in Fig. 4.

3.2.1. The electro-thermal problem

The current density and temperature, as well as their gradients, in-
side the metal film must be determined. This part of the simulation is
performed on the complete 3D structures given in Fig. 1 with the
assumption that the surrounding temperature is 20 °C. The temperature
coefficient of resistance for platinum was fixed at 3730 ppm/°C [66].
Empirical calculation for the convective and conductive heat transfer
between the sensor surface and the air were performed as outlined in
[11]. Heat losses through radiation were assumed to be negligible due to
the fact that at operating temperatures of interest for SMO sensors, the
convective and conductive heat losses to the air and conductive heat
losses through the suspension beams are far more relevant [3,19,67].
For complete details on the geometry and fabrication of the two designs,
as well as the electro-thermal simulations which includes the effects of
conductive and convective heat losses, refer to [11].

3.2.2. The vacancy dynamics problem

The full sensor structures, shown in Fig. 1 are very complex, since
they contain very thin layers, such as the microheater (200 nm) and very
thick layers, such as the silicon wafer (700 m). Therefore, solving the
vacancy dynamics problem for the full structure is not realistic, since the
required mesh would need to be very fine, resulting in an unreasonable
amount of nodes which have to be solved explicitly at all the time steps
in the transient vacancy dynamics simulation. For this reason, we apply
a hierarchical simulation approach: First, the full structure is meshed to
solve only the electro-thermal problem in order to obtain the induced
current density and temperature as well as their gradients. Subse-
quently, the transient vacancy dynamics model is applied on the mem-
brane stack only, which includes the microheater and insulator,
meaning that the silicon wafer, electrodes, and conducting pads have
been removed. This simplification does not reduce the accuracy of the
simulation output since the vacancy transport is only relevant inside the
platinum microheater. In sec:appA this procedure is described in more
detail. The model parameters used for the simulation of vacancy trans-
port in the platinum film are provided in Table 1.
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Fig. 3. Visual representation of the dependencies between EM, TM, and SM, their driving forces j, T, AT, o, and Ao, and the parameters of vacancy motion: diffusivity
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Fig. 4. Flowchart for modeling the vacancy-induced stress increase and ultimate failure in metal lines.

3.2.3. The solid mechanics problem

The increase and decrease in the vacancy concentration is accom-
panied by the development of compressive and tensile strains, respec-
tively. The change in the vacancy-induced strain tensor € over time t is
given by

oC,
ot

—Q|aT +r
5t !

}:Qw—ﬂmz+m] %)

with f the vacancy relaxation factor (Table 1). The induced strain is
directly proportional to the vacancy concentration, while the stress
tensor is calculated assuming elasticity with the constitutive equation

0ij = Cijni€ris (8)

where Cyy is the stiffness tensor [68,69].

3.3. Simulation environment

All the simulations are performed using the finite element method
implemented in COMSOL Multiphysics® [70]. The structures are
meshed using first-order tetrahedral elements to represent the material
volumes. The meshes of the full structure and the simplified membrane-
only structure are provided in sec:appB. The simplified structure is used
in order to allow for simulations with a denser mesh. As is always the
case with simulations, there is a trade-off between accuracy and
computational and memory efficiency. For the platinum microheater
layer in both designs, an average tetrahedral element size and average
volume of about 3 m and 0.26m°>, respectively, provided reasonable

simulation times of several hours at each applied bias. In the membrane-
only structure, this element size amounts to approximately 21,000 and
7700 mesh elements for the platinum microheater layer in the D1 and
D2 designs, respectively. This translates to about 155,000 and 150,000
elements, for the entire membrane stack of the simplified structures. If
this was to be extended to the full structure, about one million elements
per design would be required. This is not an unreasonable amount to
perform a stationary simulation, but for transient simulations, a smaller
structure with less elements is preferred, especially when we aim to
perform many simulation at various biases and temperatures.

In order to ensure that the simulations converge, special attention
must be paid to the mesh element sizes and the time steps. Simulations
will most often fail to converge if the time step is too large, meaning that
the initial guess is too far from the expected result so that attempts to
reach the equilibrium and find the solution will fail. This goes hand-in-
hand with the mesh size: If the mesh elements are too large, then the
gradients might be too large and may radically differ between neigh-
boring elements, making it difficult to find the correct solution. For the
initial time step, we choose a very small time on the order of 107°
seconds, while the subsequent time steps are increased exponentially up
to a maximum time step of 10° seconds.

4. Results and discussion

In order to assess the impact of vacancy-induced stress on platinum
microheaters, the accelerated simulation condition must be defined.
When regular operating temperatures between 300 °C and 550 °C for
SMO gas sensors were used in the model, the simulations either did not
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converge or they required very long and unrealistic run times. The most
common reasons for non-convergence are that the initial time step is too
large, and the equilibrium condition is thereby never found, or that the
mesh is too coarse. However, since the simulations converge under
accelerated conditions, the mesh is not a likely culprit here. Another
concern here is that when forced to start with a very small time step, the
simulation will require extremely long run times, which are unrealistic
when trying to simulate many structures at different bias conditions.
Accelerated conditions speed up the vacancy-induced effects, allowing
to observe more impact for each time step, resulting in a shorter simu-
lated time and thereby also in a reduced total simulation time.

To accelerate the model conditions, we increase the applied power
by increasing the voltage difference between the microheater’s
conductive pads to levels which provide temperatures otherwise not
reasonable in a physical device. The high applied power generates very
high temperatures, up to about 1700 °C, which would otherwise induce
quite significant internal deformation in the crystal structure of the
platinum film, potentially result in atom diffusion across the dielectric,
destroy the packaging and connecting wires, in addition to many other
issues which would certainly destroy the device. However, our purpose
is not to show the operational capability of these devices at such high
temperatures, but rather to accelerate the EM and TM phenomena in the
modeled devices, so as to enable reasonable simulation times. Effec-
tively, we apply the accelerated conditions in lieu of a normalization
factor to ensure that the simulations converge and can be performed as
quickly as possible.

In order to ensure that the results can be extrapolated back to
operating temperatures, the electro-thermal Joule heating problem is
solved for by assuming only convective and conductive heat losses, as is
expected is the case under normal operating conditions. The high power
was applied by increasing the applied voltage, which then also induces
high temperatures through Joule heating. Since, initially, the vacancy
dynamics are driven solely by the temperature and voltage gradients, a
relationship must exist between vacancy dynamics and the applied
power. Furthermore, the simulation are performed at several applied
powers ranging from about 20 mW to about 50 mW resulting in a wide
range of high temperature conditions, from about 900 °C to 1700 °C.
This wide range should allow us to examine the general relationship
between the applied power/temperature and the vacancy-induced
stress.

In Table 2 one set of electro-thermal simulation results for the plat-
inum microheater layer of the two designs is summarized, in order to
achieve the accelerated conditions for vacancy transport modeling. It is
evident that the microheater array design (D2) has a much higher
temperature gradient VT and a higher electric field V¢ when compared
to the dual-hotplate uniform temperature design (D1). This suggest that
D2 will likely be more prone to early failure due to EM and TM. For both
designs, the value of the temperature gradient is several orders of
magnitude larger than the electric field, suggesting that TM might be
more important than EM for these devices.

4.1. Vacancy transport in platinum microheaters

In order to quantify the impact of EM and TM on the vacancy
transport mechanism, the induced forces in D1 are graphically repre-
sented in Fig. 5(a) and (b), respectively. Here, we note that the
maximum TM force is slightly larger than the maximum EM force, while

Table 2
Relevant electrical and thermal results for the simulation of EM and TM in
platinum microheaters.

Power Maximum value in Pt layer
T (°C) VT (K/m) Ve (V/m)
D1 38.8 mW 1664 1.69x107 1.75x10*
D2 52.3 mW 1669 5.85x107 2.16x10*
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the location of the maxima are quite different. The EM force is highest at
the corners, where the current density is also expected to be highest,
while the TM force is highest around the edge of the microheater. After
allowing the simulation to proceed for 10% seconds, the normalized
vacancy concentration and stress distribution in the microheater are
plotted, as shown in Fig. 5(c) and (d), respectively. The first observation
is that the locations where the vacancy concentration and stress are
negative (blue sections) correspond to the locations where the TM is
largest. This means that the platinum atoms tend to move along the
direction of the gradient from the hot to the cold side, similar to lead in
solder joints [71], leaving behind vacancies at regions where the ther-
mal gradient is large. The second observation is that the location with
the highest stress (compressive, which is larger than tensile) and the
largest accumulation of vacancies is the same as the location where the
TM force is highest (top right edge of the microheater). This once again
confirms that TM is a very significant phenomenon in these devices,
likely more significant than EM.

In Fig. 6 we observe the same results on a microheater array struc-
ture, where high temperature gradients are an integral component of the
design. Once again, the same observations made for the D1 design are
also evident here, with the TM effect even more exacerbated. The
compressive stress is also here larger than the tensile stress. Knowing
that a high EM force results in a high tensile stress due to the creation of
vacancies, the location where the compressive stress is high can be
attributed to the TM force. In fact, when comparing Fig. 6(b) and (d) we
note that the locations with the highest TM force are the same as the
locations with the highest compressive stresses, respectively. This means
that the TM and EM lead to compressive and tensile stresses, respec-
tively, as suggested in Section 3.1 due to the positive valence of Pt
atoms. and that the TM force’s impact on vacancy migration must not be
ignored. The maximum TM force is now five times higher than the
maximum EM force, as can be observed from Fig. 6(b) and (a), respec-
tively. The increased TM force also leads to a much higher vacancy
concentration and stress accumulation, noted in Fig. 6(c) and (d),
respectively. The compressive stress reaches several hundred MPa after
a simulation of 10® seconds. This is a very large value and would very
likely lead to cracking and failure in the platinum layer.

4.2. Vacancy concentration in platinum microheaters

In the previous section, the main forces acting on the vacancies were
noted to be EM and TM. While this is true in the early stage of vacancy
transport, eventually, SM becomes the main driving force during the
later stages, as shown in Fig. 7 and observed in previous studies [72].
From Fig. 7 it becomes abundantly clear that the SM force is much
higher for the microheater array design, once again solidifying our hy-
pothesis that high thermal gradients have a significant impact in the
overall vacancy transport and stress build-up in platinum microheaters.
In the microheater array design D2, the stress-migration term in the later
stages of vacancy transport reaches several tens of fN, while the dual-
hotplate design D1 shows only a few fN. When this is compared with
the EM and TM forces for the two designs, it is clear that the increased
stress-migration is due to a faster vacancy dynamic transport under the
influence of high temperature gradients or TM.

In Fig. 8 we observe how the maximum normalized maximum va-
cancy concentration (C,/C,o — 1) in the dual-hotplate platinum micro-
heater design D1 (Fig. 1(a)) changes over time. Three steps in vacancy
transport are quite clearly visible, as was observed in other metals
[25,59]. The initial stage (until about 1s) is dominated by EM and TM,
while the second stage (from about 1s until about 10%s) is a quasi-steady
state where the material’s strain response balances the EM and TM
forces. Finally, during the last stage (after about 10%), the rapid growth
is induced by stress-migration [59,65,25]. By observing Fig. 7 it be-
comes quite evident that applying more power to the microheater,
which increases the current density and temperature, results in an
earlier spike in the SM force. From Fig. 8 it can further be observed that
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(b) TM force = =VT'Q*/T (fN)

248 118 MPa
(d) Hydrostatic stress (MPa)

Fig. 5. Results of the simulation of vacancy-induced stress build-up in a highly uniform dual-hotplate platinum microheater (D1) after 108 seconds, when 38.8 mW
are applied; (a) EM force; (b) TM force; (c) Normalized vacancy concentration (C,/Cyo-1); (d) hydrostatic stress.

B
0 0.55 fN 0

(a) EM force = eZ*Vp (IN)

0.22

(c) Norm. vacancy concentration

-956
(d) Hydrostatic stress (MPa)

|
2.75 fN

(b) TM force = —VT'Q*/T (fN)

671 MPa

Fig. 6. Results of the simulation of vacancy-induced stress build-up in a platinum microheater array (D2) after 108 seconds, when 52.3 mW are applied; (a) EM force;
(b) TM force; (c) Normalized vacancy concentration (C,/C,o-1); (d) hydrostatic stress.

this early SM activation cannot be attributed to the timing of the
different stages, as they all seem to start the same approximate times.
However, we note that the initial maximum normalized vacancy con-
centration, during the early stages which are dominated by EM and TM
forces, are higher for microheater films which have a higher applied
power and maximum temperature. Therefore, we can conclude that the
initial response to the applied power and thermal gradient will play the
most important role in the timing of the eventual vacancy-induced
microheater failure.

4.3. Vacancy-induced stress in platinum microheaters

The evolution of the maximum tensile and compressive stresses
observed over time in microheater design D1 and D2 are provided in
Figs. 9 and 10, respectively. The first observation is that the stress
curves’ timing tends to follow the stress-migration forces, shown in
Fig. 7. This once again confirms that the vacancy-induced stress follows
the typical three-stage process, which is punctuated by the SM force.
From what we know about the physics of vacancy transport and from
Egs. (2)-(6), once the stress becomes large, it leads to increased vacancy
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Fig. 7. Maximum SM contributions to vacancy dynamics in the platinum-based
microheater designs (a) D1 and (b) D2, from Fig. 1 with different applied
powers and resulting maximum temperatures. It is evident that at later stages,
the SM force surpasses the EM and TM forces of 0.3fN and 0.4fN in D1 and
0.55fN and 2.75fN in D2.
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Fig. 8. Maximum normalized vacancy concentration (C,/C,, — 1) in the
platinum-based microheater design D1 from Fig. 1(a) with different applied
powers and resulting maximum temperatures.
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Fig. 9. Maximum tensile and compressive stresses (MPa) evolution in the
platinum-based dual-hotplate uniform-temperature microheater design D1 from
Fig. 1(a) with different applied powers leading to different maximum
temperatures.
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Fig. 10. Maximum tensile and compressive stresses (MPa) evolution in the
platinum-based temperature array microheater design D2 from Fig. 1(b) with
different applied powers leading to different maximum temperatures.

diffusion in Eq. (5) and an increased vacancy flux in Eq. (4). Both of
these have the combined effect of creating more vacancies and causing
more vacancy accumulation, further exacerbating the SM effect. So, SM
increases vacancy accumulation, which increases SM; this cyclical and
self-replicating effect is what leads to the high spike in the stresses after
the SM force becomes significant enough, leading to eventual failure.
Another observation from Figs. 9 and 10 is that the maximum
compressive stress is consistently higher than the maximum tensile
stress by almost a factor of two. This is true for both designs under all
simulation conditions, once again confirming the fact that the TM force
is more important to vacancy transport and eventual high stress build-up
than the EM force. This is backed by the observations in Figs. 5 and 6
showing the highest compressive stress at locations which also have the
highest TM force. The observed stresses are on the order of several
hundred MPa, which is quite high and could potentially be a contrib-
uting factor to sensor failure. The other factors to consider are the
intrinsic stress and thermal stress due regular heating and cooling of the
stacked layers, leading to membrane deflection and potential cracking
[19,18,27,73]. It should be noted that ideally, in order for the as-
fabricated membrane to be considered mechanically stable, its total
intrinsic stress should not exceed 100 MPa [74,10]. Nevertheless, this
value can be exceeded during operation due to the heating cycles and
vacancy transport phenomena, discussed here. While there is no specific
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stress value which immediately signals that a microheater has failed or
cracked, in this study we chose a critical stress value of 6.=100MPa in
order to further observe how different operating conditions impact the
stress build-up over time and eventual failure.

4.4. Mean-time-to-failure model for platinum microheaters

In order to generate a MTTF model for the two proposed micro-
heaters, we set a critical stress value of 100 MPa to reflect the residual
stress limitation. It should be noted that this value may not represent the
real physical critical stress and this needs to be investigated further,
especially since it also depends on how well the suspended membrane is
able to elastically deflect in order to relax the stress. Nevertheless,
whatever the value may be, the trend shown here is expected to be the
same. Then, we observe the time t at which this level is reached under
various applied conditions, meaning under varying applied powers and
microheater temperatures. A plot of these results is given in Fig. 11. The
first observation is that the microheater array design (D2) is more prone
to failure since it requires much less time to reach the critical stress level.
It is notable that the curves for both devices and their tensile and
compressive behavior follow an Arrhenius expression

E
MTTF = Agexp (ﬁ) , 9

where the activation energy is given by E4=2.85eV and the values of the
pre-exponential factors Ay are given in Table 3. This relation follows
closely along Black’s equation

Ey

Ay
MTTF = — —, 10
I (kT)' (1o

which is defined the same way with the only difference being that Ag
j ™" where n can be determined experimentally [64,68].

The parameters for the two designs are given in Table 3. We note that
Ay does not have a dependence on j, while Black’s Law, in determining
the MTTF, considers both the operating temperature and current den-
sity. However, contrary to this conventional wisdom, we note that the
value of Ag in these microheater designs does not change as we vary the
applied bias. Rather, it changes for each design, meaning it depends on
the geometry, and for each stress type. It is difficult to define the precise
applied current density in our devices since we are no longer testing only
EM along a single interconnect line with defined dimensions, but we are
rather examining microheaters with complex curvatures. Nevertheless,
in order to obtain the high temperatures, the applied power and thereby
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Fig. 11. Impact of the maximum temperature in the platinum microheaters on
the time to reach 100 MPa tensile and compressive stress. The best-fit lines are
Arrhenius expressions from Eq. (9) and Table 3.
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Table 3
Calibrated parameters for the two studied microheater designs (Fig. 1) whose fit
to simulation are shown in Fig. 11.

3*Ep Ao

Design D1 Design D2

Tensile Compressive Tensile Compressive
2.853 eV 1.25s 0.275s 55 ms 19 ms

also the applied current were varied, while A did not change. Due to the
fact that Ap remains constant under varying applied bias conditions
(applied current density and microheater temperature), we can assume
that neither the temperature gradient (TM) nor the current density (EM)
significantly influence this parameter, unlike in Blacks’ formulation
from Eq. (10).

The different values observed for the constant Ag for the tensile and
compressive stresses tends to suggest that the driving forces behind the
two types of stresses are different. The fitted value for E4 shows that the
dependence on temperature still holds from Black’s equation, since the
energy is the same for both designs and both stress types. Furthermore,
since the value is a constant across several applied powers and current
densities, the MTTF is effectively independent of the applied current
density and thereby it is also independent of the EM force.

4.5. Extrapolation to operating conditions

Using the MTTF model from the previous section and observations
from Fig. 11, we can determine the potential for platinum microheater
failure during the operation of the proposed SMO sensor designs. For
this, we will look at the compressive stress in the microheater array
design (D2), which has the shortest MTTF of all the simulated setups.
When this heater is operated at the envisioned temperature of 350 °C or
at the SMO sensor relevant maximum temperature of 550 °C, the
calculated MTTF is on the order of 10%! seconds or 10'° seconds,
respectively. This means that it is highly unlikely that vacancy migration
can have any significant effect on the operation of the proposed sensor
designs. Only when we look at operation at extremely high tempera-
tures, on the order of about 1500 °C do we get to MTTF times which
could affect the sensors’ reliability, in the range of 2.4x108 seconds.
However, as mentioned earlier, at these high temperatures, many other
phenomena will lead to failure in the platinum film long before TM will
have any significant impact. Therefore, we can be reasonably confident
that the designs we proposed are not at threat of early failure due to
vacancy migration. However, this should be further studied with added
insight from experimental measurements.

5. Conclusion

The necessity for CMOS integrated microheaters is highlighted by
their application in the design of SMO gas sensors. Platinum is
frequently used as the heater material due to its high melting point and
resistance to oxidation at a broad range of temperatures. Nevertheless,
in this study we examine the impact of EM and TM forces on the lifetime
of novel proposed microheaters, intended for use in a low-power SMO
sensor. We have shown that the TM force is much higher than the EM
force, leading to high atom accumulation and compressive stresses in
regions with high temperature gradients. The phenomenon is exacer-
bated in microheater arrays, where a temperature gradient is exploited
to provide multiple temperatures in a single sensor. Furthermore, it was
observed that the MTTF for platinum microheaters, which was deter-
mined to be the time required to reach a critical stress, follows an
Arrhenius expression with an activation energy of 2.85 eV, independent
of the heater’s geometry. The pre-exponential constant is geometry
dependent, but does not have a dependence on the current density or
applied power. Finally, we show that these devices can achieve stresses
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Appendix A

As mentioned in Section 3.2.2, the vacancy dynamics problem is only solved for the membrane stack while the rest of the sensor structure is
removed, including the silicon wafer, electrodes, and contact pads. This does not impact the results because our principal aim is to model the vacancy
transport through the microheater, which is in its entirety located inside the membrane. The simulation, with an example using Design D2, proceeds as
follows:

1. Solve the electro-thermal problem including Joule heating on the entire sensor structure by applying the appropriate voltage bias at the conductive
pads. For example when we want to provide temperatures of 350 °C and 270 °C, we need to apply a bias of 0.25 V between the conductive pads in
Design D2. In Fig. 12(a) we see the resulting temperature distribution.

2. To consider how to treat the simplified membrane-only simulation, we look at the voltage distribution inside the platinum layer of the full design in
order to extract the voltages at the start of the membrane. The voltage through the platinum microheater layer in the full design is shown in Fig. 13
(a).

3. The voltages at the start of the membrane in the full design are then applied as inputs to the platinum microheater at the boundary for the
membrane-only structure, as shown in Fig. 13(b). Using this structure as the input, the electro-thermal problem including Joule heating is once
again calculated.

To make sure that the membrane-only structure provides the same behavior as the full structure, several items are characterized. A comparison
between the full structure and the membrane-only structure regarding the provided sensor temperature is given in Fig. 12, showing no noticeable
differences. For the platinum microheater itself, the potential, potential gradient, temperature, and temperature gradient are provided in Figs. 13, 14,
15, and 16, respectively. All the figures show that the simplified membrane-only structure successfully replicates the electro-thermal behavior of the
full structure. Furthermore, from Fig. 12 we know to set the boundaries of the membrane to room temperature (20 °C).

When we look at the governing equations for vacancy diffusion in platinum (3) it is clear that everything is driven by the temperature T, tem-
perature gradient VT, and potential gradient V¢, while the other values are either global constants or material parameters. The stress gradient Vo, on
the other hand is initially negligible and is only increased under the changing vacancy concentration, driven by the initial temperature and potential
distributions. Therefore, we are confident that the simplified membrane-only structure can sufficiently be used to simulate the vacancy transport of the
platinum microheater sandwiched therein.

V¥ 20

(a) (b)

Fig. 12. Temperature (°C) provided by the presented sensor design D2 when (a) the full structure is simulated and a 0.25 V bias is applied and (b) when the
membrane only is simulated and a 0.233 V bias is applied.
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AN
(a) (b)

Fig. 13. Voltage (V) through the platinum microheater in design D2 when (a) the full structure is simulated and a 0.25 V bias is applied and (b) when the membrane
only is simulated and a 0.233 V bias is applied.

x103

N
(a) (b)

Fig. 14. Voltage gradient (V/m) through the platinum microheater in design D2 when (a) the full structure is simulated and a 0.25 V bias is applied and (b) when the
membrane only is simulated and a 0.233 V bias is applied.
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(a) (b)

Fig. 15. Temperature (°C) through the platinum microheater in design D2 when (a) the full structure is simulated and a 0.25 V bias is applied and (b) when the
membrane only is simulated and a 0.233 V bias is applied.
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AN

(a) (b)

Fig. 16. Magnitude of the temperature gradient (K/m) through the platinum microheater in design D2 when (a) the full structure is simulated and a 0.25 V bias is
applied and (b) when the membrane only is simulated and a 0.233 V bias is applied.

Appendix B

In this appendix, the meshed structures used in this study are provided. In Figs. 17 and 18 the meshed full and membrane-only structures of designs
D1 and D2 are shown, respectively.

CORNAAL7 >
(‘%rnﬂ

]

(b)

Fig. 17. Mesh of the sensor design D1 for the (a) full structure and (b) simplified membrane-only structure.

For design D1, the full structure contained 1.1 million tetrahedral elements, while the simplified structure contained about 155,000. The full
structure required too much computational memory to be used for the transient simulation of the complete vacancy-induced stress. For design D2, the
full structure contained 260,000 tetrahedral elements, while the simplified structure contained about 130,000 elements. The mesh used for the full
structure was quite coarse and did not converge during transient simulations. Refining the mesh would result in too many mesh elements and the same
computational memory problems noted with design D1.
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Fig. 18. Mesh of the sensor design D2 for the (a) full structure and (b) simplified membrane-only structure.
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