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Abstract—Microheaters are frequently applied in the design
of semiconductor metal oxide gas sensors in order to heat
the sensing layer and induce the surface chemical reactions
which promote molecular adsorption. One of the most common
materials used for the microheater layer is platinum. In this
manuscript, a model for electro-migration is developed and
implemented to study vacancy dynamics and the thereby-induced
stress in platinum-based microheaters for gas sensor applications.
The model is then applied to study the impact of the individual
components which contribute to vacancy transport, including
electro-migration, thermo-migration, and stress-migration. We
find that these structures have very high thermal gradients,
making the impact of thermo-migration component higher than
the electro-migration component in the early stages of vacancy
transport, unlike in copper-based interconnects. Therefore, im-
proving the temperature uniformity of the microheater design
should lead to a longer operating time before failure.

Index Terms—Electromigration, platinum, microheater, Semi-
conductor metal oxide gas sensor

I. INTRODUCTION

There is a plethora of different types of sensors which
are based on micro-elecro-mechanical systems (MEMS) mi-
croheater technology and rely on a an elevated temperature
in order to enable the sensor’s primary functionality. These
high temperatures are commonly provided by an integrated
micro-heater or hotplate. Typical examples of such sensors
are chemoresistive gas sensors based on semiconductor metal
oxide (SMO) films [1] and nondispersive infrared (NDIR)
optical gas sensors [2]. In SMO sensors, the MEMS heater
is applied to elevate the sensing film’s temperature to values
between 200°C and 500°C in order to enable the surface
chemical reaction to take place, while NDIR optical gas
sensors require temperatures above 500°C to provide the
infrared emission source [2]. A typical schematic of the
layers composing the membrane of the hotplate is given in
Figure 1(a). Here, we note the presence of a heat spreading
plate, which is not electrically connected, but serves to help
reduce the temperature gradient in the sensing layer [3]. A
typical top view of the structure is shown in Figure 1(b),
where we note the suspension beams, which hold the heated
components above the silicon wafer, creating the air cavity. At
the required high temperatures and current densities, electro-
migration (EM) may lead to a failure in the hotplate’s met-
allization lines [4], [5]. More importantly, the inherent non-
uniformity in the temperature distribution may exacerbate the
thermo-migration (TM) effect, as the migration of vacancies
increases with increasing temperature gradients [6].

In order to satisfy the industry’s push towards More-than-
Moore integration [7] and reduce the cost of sensor fabrica-

© 2020 The Japan Society of Applied Physics

Sensor electrodes _

Heat spreading plate Membrane

Microheater
| I e

Suspension beams

\

Active
area

/ étched pit

Air cavity / Etched pit

(a) (b)

Fig. 1. (a) Two-dimensional cross-cut schematic of the layers composing the
membrane of the hotplate and (b) the top view of the suspended membrane
used in SMO gas sensors, showing the suspension beams, used to suspend
the heated components in air above the silicon wafer.

tion, the entire sensor, including the microheater element and
membrane which houses it, should be fabricated using com-
plementary metal oxide semiconductor (CMOS) technology,
which means that the heater material should be available in
a CMOS fabrication facility. While initially polysilicon and
aluminum were used, these materials were quickly shown to
be prone to oxidation and early EM failure. Therefore, the
most common materials used in CMOS-integrated hotplates
today are platinum [1] and tungsten [8]. Tungsten, while
being practically EM resistant, tends to form an oxide when
exposed to air at high temperatures [9]. Platinum, on the
other hand, is very stable, has a linear temperature response,
and is resistant to oxidation at a broad range of operating
temperatures [1]. Nevertheless, there is some evidence of
degrading EM behavior in thin platinum lines [5], which
is very difficult to quantify experimentally since there are
always more effects influencing the different material stacks at
very high operating temperatures, including diffusion of atoms
from the adhesion layer, thermal expansion, and cracking and
delamination [10]. Using published material parameters for
atom and vacancy diffusivity in platinum, we have devised
an EM model for microheater applications. Using this model,
we are able to study the impact of EM, including thermo-
migration and stress-migration, on microheaters and micro-
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heater arrays for SMO sensor applications. Furthermore, we
quantify the importance temperature uniformity on the EM
reliability. Previously, we have already shown that improving
the uniformity results in a faster return to the sensor baseline
and improved sensitivity [11].

II. ELECTROMIGRATION MODEL

A physical description of EM is provided in [12], where
the driving force for EM failure is shown to stem from the
accumulation of vacancies, leading to increased tensile stress
and the generation of a void which can cause immediate
cracking or it can grow under further EM stress to induce
open-circuit failure. At the same time, the reduction of va-
cancies, or accumulation of atoms, at the other end of the
metal line forms hillocks, resulting in a compressive stress. To
model the EM phenomena, three components must be solved
at each simulation time step, as shown by Algorithm 1 in
Figure 2: The electro-thermal problem, vacancy dynamics, and
solid mechanics. The electro-thermal problem determines the
electric field and induced temperature gradient in the structure,
the vacancy dynamics problem calculates the movement of va-
cancies through the line, and the solid mechanics components
calculates the stress and strain induced by the accumulation
of vacancies. Usually, EM simulations are performed under
accelerated conditions, achieved by applying a very high
current density and high ambient temperature. Thereafter,
using Black’s equation, the behavior can be extrapolated back
to operating conditions in order to find the time to failure
under normal operating conditions [5], [13], [14].

To simulate EM in microheaters, only an increased current
density is applied and the ambient temperature is kept at room
temperature. The high current density and electric field in the
platinum layer create a high temperature by Joule heating.
Not prescribing a static temperature allows to form natural
temperature gradients in the simulated microheater, which is
commonly ignored when performing EM simulations in, e.g.,
copper interconnects [13], [15], but is essential in metal lines
which potentially have a non-uniform temperature distribution.
Since EM simulations are typically very time consuming, even
for simple interconnect lines, in order to enable EM modeling
for complex micro-hotplate geometries and membranes, we
propose an accelerated approach. For this approach, first the
steady state solution to the electro-thermal problem is found
and the result is used when solving vacancy dynamics and
solid mechanics in the time dependent simulation, depicted
by Algorithm 2 in Figure 2. This is appropriate in the case of
EM modeling since the final current density and temperature
distribution in the platinum film is usually reached in under
one ms [3], while EM phenomena is observed at times many
orders of magnitude higher [5].

The electro-thermal problem solves the heat equation to
find the temperature induced by the applied current; then the
vacancy migration dynamics is solved to find the vacancy
concentration inside the platinum layer; finally, the mechanical
problem is solved to find the stress induced due to the accu-
mulation of vacancies [13]. Calculating the vacancy dynamics
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Fig. 2. Flowchart for the electro-migration model showing the paths for
Algorithm 1 (dotted red): The electro-thermal problem is solved at every
time step and Algorithm 2 (dashed blue): Steady-state solution for the electro-
thermal problem is found prior to time discretization. The black arrows apply
to both algorithms

is at the core of EM modeling. The change in the vacancy
concentration C,, in time ¢ is found by summing the effects
of the vacancy flux J, and vacancy generation/annihilation G.
The equation which governs this mechanism is given by

0C,

ot

where the vacancy flux is determined by the diffusivity D,, and
the sum of the individual EM, TM, and stress-migration (SM)

components, represented by eZ*Vo, Q*VT/T, and fQVo,
respectively, by

=-V-J,+G, (1)

J, = —D, )]

kT

C, *
VC, + — (eZ*Vgo — TVT + fQVU)

where k is the Boltzmann constant, T is temperature, e is the
elementary charge, ¢ is the electrical potential, and o is the
induced stress. The other parameters used in the model and
their values in the case of platinum are given in Table 1. The
vacancy diffusivity also depends on the induced stress and is
calculated using

Qo — E,
D, = Dypexp 7 |- 3)

The vacancy generation/annihilation term G from Eq. (1) is
calculated using the Rosenberg-Ohring function [16]

1
G = ;(Cv —Cuw), “)

which is applied at the grain boundaries and material in-
terfaces. When an atom is exchanged by a vacancy, the
effective volume change leads to the build-up of strain [17],
and ultimately in a stress o. The stress is determined by
Hooke’s law, assuming elastic material properties [18]. Once
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the induced stress reaches a critical threshold oy, the metal
layer will either crack or a void will form, which then grows,
increasing the line resistance, until an effective open circuit
failure is induced.

TABLE I
PUBLISHED PARAMETERS WHICH WERE USED FOR THE EM SIMULATION
OF PLATINUM MICROHEATERS.

Sym. | Description Value Ref.
Cho Equlllbrlum vacancy 1.07% 1016 cm—3 [19]
concentration
Pre-exponential factor 2.1
Do for vacancy diffusivity 0.22¢m”s (201
Activation energy
Ea for diffusion 2.89eV [20]
f Vacancy relaxation factor 0.5 [21]
Q Atomic volume of Pt 1.51x10~29m?3 -
Q* Heat of transport 0.68eV [6]
T Vacancy relaxation time 200ms [22]
z* Effective valence 0.3 [23]

III. RESULTS AND DISCUSSION

To assess the reliability of the microheater, only the mem-
brane is simulated, while the silicon wafer below is ignored, as
it does not contribute to the EM phenomena. The membrane
is suspended using four arms, which are attached to the
silicon wafer and are used as fixed points for the mechanical
simulation, as shown in Figure 1. The presented model is
applied to study EM in a typical meander microheater on a
1.8umx1.8um membrane with platinum lines with a cross
section of 100nmx 100nm and a 200nm pitch, embedded in a
300nm thick SiO, membrane, shown in Figure 3. A current
density of 11.3MA/cm?, corresponding to a power dissipation
of 0.77mW, was applied in order to reach a temperature of
1660°C at the center of the membrane, which drops to about
1600°C at the membrane edges. Heat conduction through the
suspension beams and air, as well as air convection were
applied in order to obtain a realistic temperature profile for
the applied power.

After performing the time-dependent EM simulation on this
structure for a period of 10% seconds, with the top and bottom
of the membrane exposed to air, the resulting maximum EM-
induced stress is calculated, as shown in Figure 4. We note
that Algorithm 2 provides no loss of accuracy while reduc-
ing the simulation time by 40% compared to Algorithm 1.
Furthermore, the obtained stress is near 1GN/m2, which is
significant enough to suggest that it needs to be considered
when designing microheaters. Currently, most studies only
look at the intrinsic and thermal stresses when evaluating the
mechanical stability of the proposed designs, while EM is
largely ignored [10].

The implementation of this model also allows to analyze
the individual contributions to vacancy dynamics which can
be from EM (eZ*Vy), TM (Q*VT/T), and SM (fQVo)
components from Eq. (2). These are shown in Figure 5,
where it is clear that, as expected, SM becomes the main
driving force in the later stages. It is noteworthy that the
temperature non-uniformity, which results in an increased

Si0, membrane

Pt microheater

1x10°
02 04 06 0.8 1 12 14 1.6 oC

Fig. 3. Temperature (°C) and geometry of a typical meander platinum hotplate
in an SiO2 membrane after applying a current density of 11.3MA/cm?,
reaching a maximum temperature of 1600°C. The pitch of the microheater
lines is 200nm with a cross-section of 100nm x 100nm.
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Fig. 4. EM-induced stress when applying 11.3MA/cm? to the microheater
from Figure 3 using Algorithm 1 and Algorithm 2 from Figure 2.

temperature gradient and thereby in TM, has a significant
impact in the early stages of vacancy transport. In fact, for
this hotplate design, the V'T' component has a slightly greater
impact than the V¢ component, which is not the case for
copper (Cu) interconnects. The differences in the impact of
EM and TM components in the meander hotplate is visually
shown in Figure 6. When we analyze the individual terms
in previous Cu studies [13], it can be observed that the Vo
component is three orders of magnitude larger than the VT
component. From this, we can conclude that the vacancy-
induced reliability for platinum-based hotplates is significantly
impacted by temperature gradients in the metal lines and that
the lifetime of these devices can be improved by improving
the temperature uniformity.

IV. CONCLUSION

A model for vacancy dynamics under the influence of EM
and TM in platinum micro-hotplates is presented, along with
two algorithms for its solution. The first algorithm solves all
required steps, which includes the electro-thermal, the vacancy
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Fig. 5. Maximum contributions from different components from Eq. (2) to the
vacancy dynamics in platinum microheaters. It is evident that the temperature
non-uniformity (VT') plays a significant role in EM.
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Fig. 6. Distribution of the EM and TM components of the vacancy dynamics
model in a typical platinum meander microheater, shown in Figure 3.

dynamics, and the mechanical stress components, at every time
step, while the second accelerated algorithm calculates the
static electro-thermal component once and then applies this
solution to the time-discretized vacancy dynamics calculation.
This ultimately allowed for a 40% speedup in the simulation
of a platinum-based meander microheater with no loss in
accuracy. This is possible due to the fact that the potential
and temperature distribution in the microheater reach a steady-
state in less than one millisecond, while EM requires a much
larger time-scale. The accelerated algorithm was then applied
to study the impact of temperature non-uniformity on the
lifetime of the aforementioned microheater. We found that the
thermal component is larger than the electrical component in
these devices, meaning that high temperature gradients in such
microheaters could induce premature failure.
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