Purdue University

Purdue e-Pubs
Birck and NCN Publications

Birck Nanotechnology Center

1-29-2012

A 600 Degrees C Wireless Multimorph-Based
Capacitive MEMS Temperature Sensor for
Component Health Monitoring
S. Scott
Birck Nanotechnology Center, Purdue University

M. Scuderi
Birck Nanotechnology Center, Purdue University, mscuderi@purdue.edu

Dimitrios Peroulis
Birck Nanotechnology Center, Purdue University, dperouli@purdue.edu

Follow this and additional works at: http://docs.lib.purdue.edu/nanopub
Part of the Nanoscience and Nanotechnology Commons
Scott, S.; Scuderi, M.; and Peroulis, Dimitrios, "A 600 Degrees C Wireless Multimorph-Based Capacitive MEMS Temperature Sensor
for Component Health Monitoring" (2012). Birck and NCN Publications. Paper 1281.
http://dx.doi.org/10.1109/MEMSYS.2012.6170246

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

A 600°C WIRELESS MULTIMORPH-BASED CAPACITIVE MEMS
TEMPERATURE SENSOR FOR COMPONENT HEALTH MONITORING
S. Scott, M. Scuderi and D. Peroulis
School of Electrical and Computer Engineering, Birck Nanotechnology Center, Purdue University,
West Lafayette, IN, USA
devices also becomes problematic as battery use is not
practical at these temperatures. Some work has been
completed in passive implementations for sensors suitable
at these temperatures. For example, passive SiC-based
pressure sensors have been shown to operate at
temperatures up to 600°C [5]. However, even these
sensors require temperature compensation for accurate
pressure knowledge.
The authors present a passive, capacitive
temperature-sensing solution based on multimorph
cantilevers. As temperature increases, the cantilevers
deflect due to the mismatch in the thermal coefficients of
expansion. This deflection results in a change in
capacitance between the cantilever and a fixed electrode.
The passive implementation, silicon micro-fabrication,
and robust materials used result in an inexpensive, yet
efficient sensor for harsh environment applications.
The first section details the design of the sensor,
including electromagnetic considerations. Next, the
fabrication and associated packaging are discussed. This
is followed by the experimental results including
capacitance performance and quality factor. Also
performed is an experimental study detailing the
annealing of the sensor and preliminary reliability results
(creep testing) for over 24 hours at 650°C.

ABSTRACT
This paper presents the design and fabrication of a new
packaged MEMS capacitive temperature sensor for
engine component health-monitoring applications and
measurement results above 500-600°C. The multimorphs
employed are thermal-SiO2/LPCVD-Si3N4/sputtered-Au
beams designed for deflection at these temperatures. The
mean initial capacitance of the sensors is 6.441 pF; with a
standard deviation of 0.197 pF. The robust fabrication
process and packaging yield consistent capacitancetemperature profiles from device-to-device. Similarly, the
devices exhibit a consistently-high measured average
quality factor of 1,727 with a standard deviation of 54 for
5 packaged devices. Also presented are laser confocal
microscope profiles from the thermal-annealing process,
detailing the break-in period, after which no additional
creep is observed, even after over 24 hours at 650°C. This
is a first-of-its-kind MEMS sensor with unparalleled
performance for harsh-environment wireless temperature
sensing.

INTRODUCTION
In a variety of applications, engine components
undergo a large amount of maintenance. For many
components, this maintenance is scheduled, and occurs
regardless of necessity. In order to reduce this, it is
highly-desirable to create sensors that can create an
accurate depiction of component health, so maintenance
only needs to be performed when the component starts to
fail [1]. One such component is a bearing. When a crack
or spall forms in the bearing, temperature due to friction
begins to increase.
The defect propagates over time, and with it, the
temperature rise continues until failure. For this reason, it
would be optimal to have a temperature sensor as close as
possible to the point of failure, monitoring for any shift
outside of a specified tolerance for a given speed. These
wireless sensors need to operate in temperature ranges not
possible with existing technologies. Some high-speed
engine components reach operating at temperatures as
high as 600°C.
While desire for these harsh environment sensors has
existed for some time, little in the way of solutions has
been demonstrated. Thermocouples, fiber optic sensors
[2], or SAW-based sensors are robust solutions, but
unfortunately are not appropriate when a wired
connection and line-of-sight are not feasible. Active
silicon circuits unfortunately do not operate far beyond
120°C due to the small band-gap. High band-gap active
circuits such as Silicon Carbide (SiC) or Gallium Nitride
(GaN) have been demonstrated [3], but they suffer from
reliability issues when operation for extended periods of
time at these temperatures is desired [4]. Powering these
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DESIGN

Analytical models for multimorph cantilevers have
been presented in [4]. The authors have also demonstrated
the use of thermally-grown SiO2 results in veryrobust
devices with excellent reliability performance to 300°C
[6]. As temperature increases, the cantilevers deflect
downward, increasing capacitance between the beam and
the conductive silicon substrate. Using the silicon
substrate as an electrode simultaneously reduces the
complexity of the design and increases the quality factor
(Q) of the device.
There are several options that can be employed when
pushing the operation to higher temperatures. For one, the
gold film previously used can be replaced with a low-CTE
film like tungsten or molybdenum. However, these were
found to be incompatible with the XeF2 release process,
one of the factors that resulted in very high yield. The
gold is also a useful material to wirebond to. Instead, the
authors consider a tri-layer multimorph consisting of
thermal-SiO2/LPCVD-Si3N4/sputtered-Au, all of thickness
being 500 nm (Fig. 1). As shown in Fig. 2, analytical
models suggest the beam has an expected maximumdeflection at a significantly higher temperature.
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Figure 1: The multimorphs operate similarly to previous
devices, with a static capacitance pad and a temperaturesensitive multimorph. The capacitance is changed
between the metal on the beam and the low-resistivity
silicon substrate.
Figure 3: Fabrication process: A thermal oxide is
grown (a) along with an LPCVD nitride layer (b). The
nitride is patterned with an RIE tool and the oxide is
etched with BOE (c). A Ti adhesion layer and Au are
deposited and patterned (d). A thicker Au layer is
deposited on the opposite side of the wafer for packaging
(e).

Figure 2: Analytical bending of the proposed thermalSiO2/LPCVD-Si3N4/sputtered-Au (500nm/500nm/500nm)
multimorph cantilever. The expected maximum deflection
occurs at a much higher temperature.

FABRICATION
MEMS Bimorphs
The fabrication process includes some steps from
lower temperature devices detailed in [7]. First, a thermal
oxide is grown on a silicon wafer (Figure 3(a)). Then, a
low-stress LPCVD nitride film is grown on top of the
oxide (Figure 3(b)). The two films are then patterned
together with traditional lithography (Figure 3(c)). First,
the nitride is patterned with a dry etch in an RIE tool. The
oxide beneath it is then removed with a wet etch. Next, a
thin (30 nm) Ti adhesion layer and 500 nm Au film are
deposited and patterned with a wet-etch (Figure 3(d)).
Finally, a thicker gold film (1 μm) is deposited on the
back side of the wafer for Au-Au bonding used in
packaging (Figure 3(e)).

Figure 4: Post-anneal SEM image of a fabricated array of
multimorph beams, each 250 µm x 10 µm.
Packaging
The devices are attached to the header with a goldgold thermo-compression bond (Fig. 5). The pick-andplace tool used applies approximately 10 MPa of pressure
on the 2 x 2 mm2 chip. The bond is performed at 330°C
for 15 minutes. Next, the pad is wirebonded to the TO
package lead. The beams are then released with a XeF2
dry etch of the silicon, and the can is resistively-welded to
the header, hermetically-sealing the device in the
cleanroom environment.
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temperature are far beyond what can be found in
commercial devices (Fig. 7).

Figure 5: The sensors are packaged using Au-Au thermocompression bonding to a commercial transistor outline
(TO) package, and resistively-welding a cap.

PERFORMANCE
Capacitance and Quality Factor
The sensors are measured by attaching wires to the
leads and placing them in a laboratory oven, along with an
external thermocouple connected to a thermocouple
reader. A capacitance meter and the thermocouple reader
are connected via GPIB to a laptop, and the data
collection occurs automatically. Due to inability to use
solder or epoxy at these temperatures, the wires are
wrapped around the leads and attached with Aremco 597A, an electrically and thermally-conducting silver-based
paste [8]. The oven temperature is then increased to the
desired set-point. The mean initial capacitance of the
sensors is 6.441 pF; with a standard deviation of 0.197 pF.

Figure 7: Room temperature quality factor and operating
temperature of this work compared to existing
technologies.
Reliability
Presented in this section are laser confocal
microscope profiles from the thermal-annealing process,
detailing the break-in period, after which no additional
creep is observed, even after over 24 hours at 650°C.
Annealing is required to allow the stress in the beams to
reach a stable point. After this point, the beam deflections
are extremely-consistent, and exhibited no additional
creep or hysteresis. Fig. 8 shows the room-temperature
beam profiles versus amount of time kept at 650°C. First,
an 8 hour anneal relaxes the film stress. An additional 24
hour creep measurement is performed to show that no
additional creep is observed after this point.

Figure 6: Capacitance versus temperature for five
separate, packaged devices, as well as the capacitance
versus temperature an empty hermetic package. The
parasitic-capacitance of the package actually changes in
our favor. The frequency versus temperature of an LCresonator is extracted from the capacitance trend-line.
Although the change is small at low temperatures, it is
still mostly over 1 kHz/°C, which is sufficient for receivers
to obtain acceptable accuracy
As shown in Fig. 4, the robust fabrication process and
packaging yield consistent capacitance-temperature
profiles from device-to-device. Similarly, the devices
exhibit a consistently-high measured quality factor of
1,727 with a standard deviation of 54 for 5 packaged
devices. This quality factor and maximum operating
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(a)

(b)
Figure 8: (a) Room-temperature beam profiles of the
samples after certain amounts of time kept at 650°C and
(b), extracted beam heights versus time. The devices are
annealed for 8 hours, after which they exhibit no further
creep, even after 24 hours at 650°C.
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Conclusion

This chapter presented the design and fabrication of a
new packaged capacitive temperature sensor for engine
component
health-monitoring
applications
and
measurement results above 600°C. The thermalSiO2/LPCVD-Si3N4/sputtered-Au multimorph sensors’
robust fabrication process and packaging yield consistent
capacitance-temperature profiles from device-to-device,
and a high quality factor. Reliability of the devices was
also studied, including the thermal-annealing process,
after which no additional creep is observed, even after
over 24 hours at 650°C. All of this gives way to a first-ofits-kind sensor with unparalleled performance for harshenvironment wireless temperature sensing.
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