
Chapter 4
SiC MEMS devices

Silicon carbide microelectromechanical device development is currently a very ac-
tive area of research with a primary focus on increasing the robustness of tradi-
tional silicon MEMS. Silicon MEMS has developed to a level of maturity in which
several commercial ventures are deploying silicon technology into automotive and
consumer electronics markets. A large knowledge base has developed into surface-
and bulk-micromachined sensor types. This design expertise is being directly ap-
plied to sensor technology for harsh environment applications using SiC. This is
accomplished because etch mask materials and etching techniques have already
been developed that can be tailored to produce selective etching of SiC. These tech-
niques can be linked together in a very similar fashion to silicon microfabrication,
whether it be for surface- or bulk-micromachining of MEMS structures. This allows
rapid development of SiC devices because the manufacturing concepts and design
methodology can be readily applied. Hence, a large number of SiC MEMS sensor
types have already been explored.

This chapter will first provide an overview of bulk- and surface-micromachining
processes using SiC. This will be followed with a review of common MEMS sensor
types as well as detailing research into using SiC to enhance traditional sensors.
This will include a brief discussion of sensor design from the traditional application
standpoint as well as specific considerations for deploying these sensor types into
various harsh environment applications.

4.1 SiC MEMS processing

A generic SiC MEMS process flow is similar, although generally with fewer steps,
than a generic IC process flow. Depending on the integration method, the MEMS
process flow may start directly after the IC process flow or may start with the bare
substrate. The primary differences between a MEMS process flow and IC process
flow is the use of sacrificial etch layers to create free-standing structures and the use
of deposited layers that are typically very thick compared to IC fabrication layers.
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As will be detailed more fully in Section 4.2, the free-standing structures are used to
create mechanical devices sensitive to various measurand (e.g., strain, acceleration,
pressure). The thick layers used in to create these devices are needed to increase
the sensor sensitivity by increasing the sensing surface or increasing the mass of the
free-standing structure. The following sections schematically outline the process
flow to create a generic SiC MEMS device starting with a bare substrate using two
general classes of fabrication, bulk- and surface-micromachining.

4.1.1 Surface (thin-film) micromachining

Surface-micromachining is basically an extension of the IC fabrication process
(Section 3.1.1). Alternating insulative and conductive layers are deposited to cre-
ate mechanically connected electrical routing. The main difference is the inclusion
of a sacrificial release layer that can be etched away without damaging the layers
above or below, enabling creation of free-standing structures. The surface micro-
machining process begins by depositing a non-sacrificial insulating layer to allow
selective electrical isolation of the subsequent electrical routing layer (Figure 4.1a).
This isolation layer can be silicon dioxide although layers such as silicon nitride
or aluminum nitride are preferred because of their higher degree of chemical inert-
ness compared to silicon dioxide as well as closer match in thermal expansion rate
to SiC, which is important for high temperature applications. If electrical contact
to the substrate is needed, a lithography and etch step is used to open select vias
through this non-sacrificial insulating layer prior to deposition of the subsequent
routing layer (Figure 4.1b).

Next an electrically conductive layer is deposited (Figure 4.1c). This layer is
typically a thinner version of the later device layer to ensure compatibility with
that deposition step, which in this case would be LPCVD 3C-SiC. The conductive
layer is likewise patterned to define the electrical routing layer needed for device
functionality (Figure 4.1d). This etch process needs to have a high selectivity to
the non-sacrificial insulating layer (rapid etch rate of the target layer but very low to
zero etch rate to other exposed layers). As was discussed in detail in Section 2.5, SiC
etch techniques are more commonly plasma-based. Hence, the very high selectivity
achieved for silicon using wet chemical etching is not available for SiC. However,
silicon carbide etching processes can be made reasonably selective to silicon dioxide
[1] and aluminum nitride [2]. Silicon nitride is less favorable in this regard, although
it has been used successfully [3].

Next a sacrificial layer is deposited (Figure 4.2e). Conductivity is not important;
however, the film must be able to be deposited relatively thick (typically one to
a few microns). Most importantly, the layer must have an etch chemistry that has
very high selectivity to the device and routing layer as well as to the non-sacrificial
insulating layer. Borrowing from traditional MEMS processing, silicon dioxide is
typically the sacrificial layer of choice with vapor or liquid hydrofluoric acid as the
preferred release etch chemistry. However, because of high chemical resistance of
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Fig. 4.1 Schematic of the first stages of fabrication of a single device layer surface-micromachined
cantilever device with single electrical routing layer.

SiC compared to Si, a polysilicon layer is also a good option as a sacrificial material
for SiC devices [6]. The sacrificial layer is typically patterned and etched to create
via openings to the routing layer film (Figure 4.1f).

The sacrificial layer is followed with deposition of the SiC device structural layer
(Figure 4.2g), which is again lithographically patterned and etched to define the
device structure. The structural layer typically needs to be conductive, low-stress,
and have a small stress gradient. This allows the layer to be shaped in a controlled
way and maintain the desired gap dimensions around the structural device after
the structure is released. Depending on its use, it may be important for the device
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Fig. 4.2 Schematic of the final stages of fabrication of a single device layer surface-micromachined
cantilever device with single electrical routing layer.

layer to also have proper ductility and fatigue characteristics. High stiffness allows
for higher frequency operation. High yield strength prevents premature failure un-
der shock or high acceleration events. The thickness of the device layer influences
the resulting mass of the structure which is important for inertial sensing appli-
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cations. Furthermore, in-plane sensing techniques will have signal amplitude that
scales along with thickness, so the device layer thickness also influences the signal
strength. Thickness also influences the stress developed during high-g acceleration.
So proper design must consider all of these factors.

If needed for ohmic contact to wirebonds, a metallization layer will be deposited,
lithographically patterned, and etched. Commonly the metallization is etched prior
to patterning and etching of the device layer so that subsequent photoresist spin-
ning does not need to coat and refill the deep trenches needed to penetrate the thick
device layer. However, for simple structures in which the routing layer is omitted,
the metallization can be deposited as a blanket film after the device layer is etched,
using the device layer pattern to provide the necessary discontinuity in the metal-
lization [4]. As was discussed in Chapter 3, Ti, Ni, and alloys with these metals are
typically employed for this metallization layer, although other metals may be used
depending on what corrosives the device will be exposed to during use.

Finally, the sacrificial layer is removed using a highly selective etchant (Fig-
ure 4.2h). Wirebonds are added to provide electrical connection to external power
source and electronics if these are not integrated into the substrate.

Although it is not typically done, additional iterations of the insulating and rout-
ing layer deposition and patterning with additional interlayer insulator layers can
be used to increase routing options depending on the electrical needs of a given
sensor. Likewise, additional sacrificial and device layer pairs can be included in the
overall MEMS fabrication flow to allow forming more complex structures includ-
ing creating hinge structures or rotating gears. Fairly complex process flows have
been successfully sustained for silicon MEMS fabrication [5]; however, this added
complexity typically reduces yield or adds considerable cost. Therefore, many de-
vice design innovations in MEMS work to minimize the number of layers needed to
fabricate the final structure.

4.1.2 Bulk micromachining

As was discussed in the previous section, device layer thickness can be a critical
parameter in device design. Bulk-micromachining, where the substrate material is
through-etched either to use the substrate as the device layer or a partial substrate
etch is used to create a free-standing thin-film membrane, has become an equally
important fabrication methodology in the manufacture of MEMS devices.

Because the substrate formation process is generally a high-temperature process
not constrained to be compatible with other material layers, the resulting substrate
fabrication process is optimized to create a high quality crystal with few defects and
can be made with low stress. Additionally, the substrate is inherently thick com-
pared to deposited films since it is created by slicing segments from a large boule
of crystalline material (Section 2.2). Hence, substrates are generally hundreds of
microns thick. Since selective etching processes have been developed for a wide
range of substrate materials, including SiC, that are not high temperature, a bulk-
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Fig. 4.3 Schematic of process flow to create bulk-micromachined cantilever and membrane de-
vices using the substrate as a structural element. Additional detail is included to outline the basic
process for incorporating piezoresistor elements into the structures for motion sensing.

micromachining process is attractive from a circuit integration perspective as well.
(Integration issues will be discussed more fully in Chapter 6).

Figure 4.3 illustrates a generic process flow for bulk micromachining of a SiC
substrate to create a free-standing beam and membrane. The process is compara-
tively simple and can be as simple as a single lithographic pattern and deep etch
of the substrate; however, as is shown in the schematic flow, additional steps might
be necessary to introduce other elements needed for sensing purposes. Etch charac-
teristics, including selectivity to mask material and ability to etch high-aspect ratio
trench structures, limits the usable substrate thickness and achievable gap dimen-
sions, which can diminish some of the electrical signal gains achieved by having
a tall structure. To achieve the necessary etch selectivity for bulk-micromachining,
metal masking materials are typically required. Exposing the etch chamber to metal
necessitates more frequent tool cleaning because the etch chemistry so slowly re-
moves metal particles sputtered onto the chamber walls. Often fabrication facilities
dedicate an etch tool to SiC etching using metal masks to prevent process cross-
contamination. Furthermore, by etching completely through the substrate, the de-
vice now needs some encapsulation method to protect both sides of the substrate
faces. (Encapsulation will be discussed in detail in Chapter 5).
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Fig. 4.4 Schematic of process flow to create bulk-micromachined devices by depositing a SiC thin-
film layer and then etching the substrate up to the thin-film, which acts as the structural element.
Additional detail is included to outline the basic process for incorporating piezoresistor elements
into the structures for motion sensing.

Figure 4.3 illustrates a generic bulk-micromachining flow that utilizes a partial
etch to create a free-standing membrane structure. The number of process steps
is very small. In the case of the membrane (right side of Figure 4.3), additional
structures will need to be fabricated on top of the membrane (such as thin-film
piezoresistors) or onto a second wafer that can be be placed in close proximity to the
membrane (such as a capacitor electrode) in order to detect membrane deflection. In
order to sense pressure, the membrane must be subjected to a pressure differential,
which necessitates isolating the frontside of the membrane from the back. This can
be accomplished by embedding the substrate into another component to provide
the necessary isolation or by creating a reference cavity behind the membrane by
bonding another substrate below the etch pit. By continuing with the partial trench
process and then patterning a through-etch region (Figure 4.3-1-b and -1-c, right
side), it is possible to make a free-standing cantilever with a substantial end-mass.
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This can be useful for inertial sensing because it allows some decoupling of the
spring stiffness from the inertial proof-mass, increasing the flexibility of the design.

A common variation on bulk-micromachining of a membrane is to first deposit a
thin-film membrane and then proceeding to a through-etch of the substrate to stop
on the membrane (Figure 4.4). In order to get the desired selectivity for the stopping
layer, a thin-film layer of silicon dioxide or aluminum nitride might be added under
the SiC membrane film. In the case of silicon dioxide, the etch stop layer can be
easily etched away selectively. Although this may not be necessary, silicon dioxide
is not as robust a mechanical material so may be removed to minimize shifts in
membrane characteristics over time.

4.2 Devices and operation in harsh environment

This section provides a review of state-of-the-art SiC sensors for harsh environment
sensing. Harsh environment sensing covers essentially the same gamut of measur-
ands as traditional commercial sensing: pressure, acceleration, strain, temperature,
chemical composition, and characteristics of fluids such as viscosity or opacity.
Each sensor type review will begin with a brief introduction into the general design
methodology for the particular measurand. As needed, a brief introduction into the
sensing method will also be outlined. Throughout, considerations of implementing
these sensors in harsh environment conditions will be discussed.

4.2.1 Strain

Various structures — ship and spacecraft hulls, aircraft wings, pressure vessels, in-
dustrial piping — experience variable structural loads due to weight, expanding
gases, or variations in temperature. For these type of structures, real-time monitor-
ing of structural deformation either by monitoring peak dynamic load or by long-
term monitoring of minute drift in shape (creep) can be used to signal scheduling
preventative maintenance, remove the structure from active operation, or to restrict
operation to a reduced-load operating condition (e.g., reducing process pressure to
prevent structural failure). These structural changes can be monitored through the
use of strain sensors mounted on the surface of the structure.

Strain is a useful metric of deformation and creep of a mechanical structure. The
one dimensional measurement of engineering strain when the underlying strain field
is constant or linearly varying with position is given by:

ε =
Δ l
l0

(4.1)

This change in dimension can be measured purely as a change in length. Strain mea-
surement techniques that measure the displacement over a fixed length (referred to
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as the gauge length) that results from strain in a structure are referred to as ex-
tensometers. Extensometers are an indirect measurement of strain. This was origi-
nally a common method of measuring strain in macro-scale applications. However,
these have been largely displaced by thin-film piezoresistive strain gauges (metal-
foil gauges).

Some materials experience changes in electrical properties due to strain in the
material. This effect is called a “piezo” response. Two common classes are piezore-
sistive and piezoelectric. Piezoelectric response is exhibited by certain materials
such as quartz and aluminum nitride when the material is in a highly oriented crys-
talline form. Piezoelectric response of SiC films is very poor, so this mechanism
will not be discussed in detail here, although the interested reader is directed to [7]
for more information.

Most semiconductor materials exhibit a large piezoresistive response, including
polycrystalline SiC [8]. Piezoresistivity is a change in electrical resistance with ap-
plied strain. The degree of piezoresistivity can be tailored somewhat by the type and
amount of doping in the semiconductor. When strain is applied to a piezoresistor,
the electrical resistance of the film changes because of the three-dimensional change
in the structure due to Poisson coupling as well as an inherent change in resistiv-
ity due to the applied strain. Taking the example of a slender piezoresistive trace
deposited directly onto a substrate that can experience mechanical deformation, the
change in resistance is given by:

ΔR
R0

= (1 + 2ν)ε +
π
ξ

ε (4.2)

where ξ is the resistivity of the film, ν is Poisson’s ratio, π/ξ is the piezoresistance
constant, and the subscript 0 refers to the unstrained state. Generally, it is desirable
to have L be much larger than the width and strain gauge thickness should be mini-
mized to ensure a uniform strain field through the entire thickness. Minimizing the
thickness also prevents locally stiffening the structure, which can alias the resulting
strain measurement [9]. The piezoresistance constant (gauge factor) for metal resis-
tors such as Ni are on the order of 1 to 2. For semiconductors such as Si or SiC, it
can be between 50 and 150 [8].

Typically, the measurement monitors the resulting voltage changes across the
resistor while applying a known, constant current. It is certainly possible to use
a frequency-based metric such as pairing the resistor with a capacitor to form a
RC-tank, which has a frequency that is a function of resistance [10]. Because of
electrical noise and thermal variations, it is also common to use multiple resistive
elements in a Wheatstone bridge configuration to negate these variations [11].

Because of the very high accuracy with which changes in capacitance and fre-
quency can be measured, strain using micromachined transducers is also measured
using these techniques. These are extensometer devices. They may attempt to very
accurately measure minute displacements or may involve mechanical structures for
amplifying motion due to strain to increase the output displacement.
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Fig. 4.5 Schematic of two square capacitor plates.

The capacitance between two parallel conductive plates (Figure 4.5) is given by
the following equation:

C =
εx0y0

z0
(4.3)

where ε is the permittivity of the dielectric and is often written as some multiple
of the permittivity of free space, ε0 (ε = εr × ε0). The overlapping area of the plates
is given by the lateral dimensions x0 and y0 while the distance between the plates
is given as z0. To allow freedom of motion, the dielectric is typically air or partial
vacuum, thus ε ≈ ε0.

From this equation, it is seen that the capacitance can be varied mechanically by
either changing the amount of overlapping area of the two plates:

∂C
∂x

=
εy0

z0
(4.4)

or by changing the spacing between the plates:

∂C
∂ z

= −εx0y0

z2
0

. (4.5)

For micromachined strain sensors, the intent is typically to measure either in-
plane film stresses or to measure external strain applied to the substrate. In these
cases, the capacitor plates are formed between beams cut out from the device layer.
Example configurations are shown in Figure 4.6.

Changing the spacing between the plates (referred to as gap-closing mode, Figure
4.6b) is typically ten to one hundred times more sensitive than changing the amount
of overlap area for the same initial gap dimension. In both modes, the change in ca-
pacitance is increased, hence the resolution is increased, if the initial gap dimension
can be decreased or the surface area can be increased. The latter is accomplished by
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Fig. 4.6 Schematic of (a) lateral motion, interdigitated finger capacitor arrays and (b) gap-closing
capacitor array utilizing independent plates on each side of the moving plate and (c) an offset-gap
array when the stationary plates are not fully electrically isolated from each other.

increasing the device layer thickness and electrically connecting multiple plate pairs
in parallel (plate arrays). The former though suffers from various limitations. In the
gap closing mode, the linear region of response is limited to displacements less than
about one tenth of the initial gap. This can severely limit the full-range strain mea-
surable by the gauge. Both modes are limited by practical limitations in etching
deep gaps, compromising the usable film thickness, which decreases the capacitor
plate area. Also, very small gaps are more prone to contact each other either due to
strain overload, external vibration (shock), or by the attractive force that forms in
the capacitor when charge is applied.

For methods that use the change in overlap area (lateral mode), the most com-
mon topology is an array of interdigitated fingers, referred to as comb arrays (Figure
4.6a). For strain sensing, a chevron [4] or other lever mechanism is used to trans-
form the small distortion due to strain into larger motion of the comb. Although the
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Fig. 4.7 [12] Schematic of four-point bending strain gauge design and SEM image of fabricated
device coated with LPCVD SiC ( c©IEEE 2007), reprinted with permission.

lateral mode is linear over large displacements, the lever mechanism needs to be pre-
cise since any errors will also be amplified. Likewise, these amplifying mechanisms
increase sensitivity to off-axis and temperature-induced strain. So all these factors
need to be taken into account into the final design. Alternatively, mechanisms can
be used to minimize degradation of on-axis signal while decreasing the influence of
off-axis sensitivity, as was done by Jamshidi et al. [12]. In this case, an in-plane,
four-point bending plate is loaded using slender tethers (Figure 4.7). The bending
plate is part of a gap-closing capacitor, which is used to measure applied strain. The
slender tethers along with having the bending plate longer than the fixed plate makes
the structure insensitive to off-axis strain. This structure has been demonstrated as a
SiC coated Si device fabricated from a SOI wafer and tested up to 370 ◦C.

Alternately, a resonant structure can be anchored between two points such that
the anchors define the gauge length. Such a configuration will create a tension in
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the resonant structure as a result of strain applied between the anchor points. Al-
though any doubly-anchored structure can be used for this type of sensing, clamped-
clamped beam and double-ended tuning fork (DETF) resonators are most common.
Their resonant frequencies exhibit a high sensitivity to tension in the beam while
being relatively insensitive to off-axis strain because of the large difference in struc-
tural compliance along the beam compared to perpendicular to the beam.

For a clamped-clamped beam with an attached proof mass, its resonant frequency
of first bending mode can be written as follows:

f =
1

2π

√
198EI

0.198ρAL+ kMc
+

4.85Eε
0.198ρAL+ kMc

(4.6)

where E is the Young’s modulus of the beam, ρ is the density of the beam, I is the
area moment of inertia, A represents the cross-sectional area of the beam, L is the
beam length, Mc is the static mass of any structure attached to the beam such as
a comb array, and k is a scale factor for this attached mass depending on location
of attachment and the particular mode shape being excited during resonance. (For
most practical applications the attached mass is at the center of the beam and the
fundamental mode is used, in which case k = 1.) For details on how the constants
are found for this mode shape, the interested reader is directed to [13] for details
on theory of vibration. Typically MEMS resonators of this type range in frequency
from 10s to 100s of kHz.

From Equation 4.6, one can calculate the change in frequency with applied strain.
Normally, this result is non-dimensionalized by dividing the change in frequency by
the nominal resonant frequency of interest:

1
f0

∂ f
∂ε

=
2.425

4.85ε0 + 198I
(4.7)

which, if the initial strain is zero, further reduces to

1
f0

∂ f
∂ε

=
0.01225

I
(4.8)

Equation 4.7 can be used with ε0 not equal to zero to account for residual stress in
the device layer film by converting this stress into an equivalent strain using Hooke’s
Law. This implies that high residual tensile stress in the device layer film reduces the
sensitivity of the resonator frequency to strain, which is consistent with experimental
evidence.

Although this provides a means for strain to induce a change in frequency, the
minute motion of the resonator needs to be detected in order to measure frequency.
This is typically accomplished using gap-closing capacitive plates or lateral motion
comb arrays. These are used not only because of their high sensitivity to motion,
but also the capacitor can also be used to induce an in-plane force on the beam to
excite and maintain the resonator vibration. From Equation 4.7, it is also clear that
adding this mass comes at a cost of reducing the frequency to applied strain. So
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again the overall design must weigh the benefits of the various topologies into the
overall system requirements.

Initial work in harsh environment resonant strain sensing took conventional epi-
taxial Si strain sensors and coated them with a 30 nm thick LPCVD SiC coating
[14]. These sensors were operated above 180 ◦C as well as were subjected to a
potassium hydroxide (KOH) wet etch solution heated to 80 ◦C for 5 minutes. The
coating was shown to protect the underlying Si. However, very high temperature
operation (above 400-500 ◦C) requires converting this design to SiC due to Si soft-
ening.

A DETF strain sensor from polycrystalline 3C-SiC device layer has also been
developed. Besides a change in device layer material, the work by Azevedo, et
al. aimed to increase device robustness to high g-shock events [15]. A variation
on standard DETF topologies was implemented to maintain the high transduction
area of designs using comb sense arrays while preventing this suspended mass from
causing failure due to stiction or excessive stresses in the structure. This is accom-
plished by relocating half of the comb drive structure between the tines to balance
the mass symmetrically around the tines (Figure 4.8). Utilizing a square-wave drive
oscillator topology [16], this 3C-SiC DETF resonant strain sensor achieved a com-
parable strain resolution to the standard comb-driven DETF topology built from an
epitaxially-grown Si device layer (0.045 με in a 10 kHz bandwidth, Figure 4.9).
This 3C-SiC strain sensor has been successfully operated up to 600 ◦C in steam and
subjected to 64,000 g shock without damage to the structure [3].

4.2.2 Pressure

Another common harsh environment sensor is a pressure sensor. SiC or SiC-coated
Si pressure sensors are expected to find their greatest utility in monitoring gas or
liquid pressure in industrial chemical applications. In addition, they will also find
specialized use for space mission and medical applications.

Pressure sensing is typically accomplished by either monitoring membrane de-
flection under a pressure differential or by how pressure variation impacts the res-
onant frequency of a vibrating structure inside the variable pressure region. Mem-
brane deflection is by far the most common pressure sensing method.

Membranes can be either round or rectangular. Maximum deflection occurs at
the center of a symmetric membrane. For small deflections (less than half the mem-
brane thickness), center-point deflection of a flat membrane under a static pressure
differential is given by [17]:

Δz =
pa4

64D
(4.9)

for a circular membrane and

Δz =
pa4

50D
(4.10)
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50 μm

Fig. 4.8 [15] SEM image of a balanced double-ended tuning fork (BDETF) resonant strain sensor
fabricated in a 4 mask process using LPCVD polycrystalline 3C-SiC as the device layer ( c©IEEE
2007), reprinted with permission.

for a square membrane, where a is either the radius or the half-length of the side
of the square, p is the uniformly distributed pressure differential. D is the flexural
rigidity and is related to the elastic modulus and plate dimensions:

D =
Eh3

12(1−ν2)
(4.11)

where h is the plate thickness and ν is Poisson’s ratio.
As the deflection increases beyond half the membrane thickness, a cubic term

response becomes significant due to the influence of shear stress in the membrane
[18]. This can limit the full-range pressure measurable while maintaining output
voltage linearity. In order to extend the linear response pressure range, a bossed
membrane can also be used (Figure 4.10). For a circular bossed membrane, small
deflections of the center boss as a function of pressure is given by [19]:

Δz =
pa4

64D

(
1− b4

a4 −4
b2

a2 log
a
b

)
(4.12)

where b is the radius of the boss feature. Although the boss stiffens the membrane
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Fig. 4.9 [15] Experimental measurement of strain resolution as a function of measurement band-
width for the 3C-SiC BDETF strain sensor ( c©IEEE 2007), reprinted with permission.
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Fig. 4.10 Schematic of a bossed membrane diaphragm.

for a given size, it increases the linear response range for a given membrane size as
well.

Small deflections of the membrane require sensitive measurement techniques.
Semiconductor-based piezoresistive measurement techniques [11] convert strain in
the resistor region into a change in electrical resistance, which can be used in a
voltage sensing circuit to determine membrane deflection. Typically, a Wheatstone
bridge configuration is used with the piezoresistors positioned so that strain in-
creases resistance in one pair of resistors and decreases in another pair of resistors
by positioning the resistor elements in tensile and compressive regions of the mem-
brane, respectively. Peak radial strain occur at the perimeter of the membrane and
can be related to pressure. From [18], this relationship for a flat membrane is:



4.2 Devices and operation in harsh environment 141

εr = − 3
64

a2h
D

p (4.13)

Developing this sort of relationship allows depositing thin-film piezoresistors onto a
diaphragm in order to accurately measure the pressure differential across the mem-
brane.

Early pressure sensor work utilized doped 6H- or 3C-SiC as the piezoresistive
element, although the diaphragm was either created by bulk-etching Si under the
piezoresistive elements [21] or utilizing an SOI wafer to create a Si diaphragm. In
this latter case, the 3C-SiC layer used to create the membrane could be selectively
deposited on Si using an LPCVD process with methylsilane as the precursor gas
and a fast carbonization step using ethane [22]. Deposition was carried out at 1150
◦C. The Si device layer was thinned down to 200nm in part by thermally growing
a 1400 nm thick silicon dioxide insulating layer over the device layer. This design
utilized a bossed membrane and exhibited a 35mV/V sensitivity at 200 ◦C.

Current state-of-the-art SiC pressure sensors include depositing NiCr piezoresis-
tive elements on a silicon dioxide layer to electrically isolate them from a n-type
3C-SiC film, which was grown on a Si substrate. Bulk chemical etching of the Si is
used to form a free-standing SiC membrane [20]. A sensor constructed this way has
been tested up to 400 ◦C with a full-scale pressure range of 500 kPa. It exhibits a
temperature sensitivity of -0.16%/◦C at 400 ◦C.

In order to make a pressure sensor capable of withstanding even higher tem-
peratures and be less sensitive to corrosive environments that might etch NiCr, an
all-SiC structure has also been developed. It was formed by first forming p-type
6H-SiC piezoresistive elements on a n-type 6H-SiC substrate. The substrate is then
bulk etched using a photoelectric-enhanced chemical etch to form a 50 μm thick
membrane [21]. This pressure sensor has been experimentally shown to exhibit sta-
ble pressure response up to 500 ◦C with a full-scale pressure range of 1000 psi. It
exhibits a gauge factor temperature sensitivity of -0.11%/◦C at 500 ◦C.

An alternate sensing technique is to use the membrane as one side of a gap-
closing capacitor. In the case of a capacitive readout pressure sensor, typically the
capacitor is formed by using the deformable membrane as one of the plates and plac-
ing it in relatively close proximity to a fixed electrode plate. A circular bossed mem-
brane pressure sensor is well modeled using equation 4.14. In this case, a change
in the gap distance, z, result in a change of capacitance. As a function of pressure,
change in capacitance around the zero-deflection point is given by:

∂C
∂ p

=
π pb2a4

64Dz2
0

(
1− b4

a4 −4
b2

a2 log
a
b

)
(4.14)

where the area is defined by the size of the boss, which is simply A = πb2, where b
is the radius of the boss. However, for a flat membrane pressure sensor, the actual
change in z varies as a function of the radial position of the membrane. Hence, the
actual change in capacitance calculation requires integrating the change in z with
radial position. Using the standard deflection model for a clamped circular mem-
brane under small deflection, one can determine a relationship between pressure
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Fig. 4.11 [24] SEM image of a PECVD SiC pressure sensor ( c©IOP 2004), reprinted with permis-
sion.

and capacitance [23]:

C =
εa2
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√
p))√

p
(4.15)

As is seen from equation 4.15, this relationship is in general non-linear, restricting
operation to a relatively small pressure range if linear output is desired.

Surface-micromachined pressure sensors are of interest because the final sensor
design is simpler since the backside of the diaphragm does not need to be encap-
sulated, and some bulk etching techniques are not compatible with integrated cir-
cuits. The mechanical quality of the sensor diaphragm is not as good as one formed
from the substrate material because the substrate is a single-crystalline, very low-
impurity material, whereas surface-micromachined diaphragms are typically a poly-
crystalline or amorphous film and may have non-uniform crystal growth or high
residual stress. Process research aims to minimize these differences though because
of the greater potential for integration with sense electronics and simplified packag-
ing. An example of a surface-micromachined pressure sensor made from SiC was
fabricated using PECVD a-SiC as the diaphragm material (Figure 4.11). Experi-
mental measurements demonstrate a sensitivity of 3.2 pF/MPa and nonlinearity of
2% from 0.001 to 0.101 MPa for an array of 100 diaphragms that are 80 μm in
diameter [24]. In this work, sputtered Al was used to form the fixed and moving
electrode. The moving electrode is sandwiched between two SiC layers to prevent
potential exposure of the Al to corrosive environments.
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Because the deflection is restricted at the edges, the overall change in capacitance
is significantly reduced without a boss structure. This in turn leads to the need for
a very small gap, which can limit the ability of the pressure sensor to survive over-
pressure events. One way to overcome this is to introduce a dielectric coating over
the stationary electrode, which prevents the two electrodes from shorting out when
large pressures are applied. This technique has been successfully used for pressure
sensing over a very wide range of pressures by purposely operating where the nor-
mal range of pressures causes the center of the diaphragm to contact the dielectric.
After contact, increasing pressure leads to an increase in contact area. Although this
leads to a number of nonlinear responses, experimental results show regions of de-
cent linearity over a portion of the very wide range of pressures achievable with this
type of sensor [25]. By having the critical gap dimension defined by a thin film di-
electric instead of by etching means it can be manufactured with a highly controlled
thickness down to nanometers. Furthermore, sensor output is increased because typ-
ically these dielectrics have a dielectric strength that is several to tens times greater
than an air gap.

This touch-mode capacitive pressure sensor has been recently created out of an
entirely SiC family of components [26]. The routing and diaphragm layers were
formed from ammonia-doped 3C-SiC deposited using LPCVD (Figure 4.12). A
Ni/Cr/Au stack was used as the high-temperature contacts. These sensors were
tested up to 5 MPa (700 psi) static pressure. Although test chamber limitations pre-
vented high-temperature testing at pressures above 100 psi (non-contact regime),
a 172 μm diameter diaphragm demonstrated a sensitivity of 7.2 fF/psi at 574 ◦C.
These sensors were successfully used for in-cylinder combustion pressure measure-
ments on a test-bench setup.

Another method for pressure sensing in the vacuum regime is by monitoring the
quality-factor (Q) of a resonator. In this case, by monitoring the frequency output
of a resonator and watching either the 3dB width of the resonant signal amplitude
peak or monitoring shifts in frequency due to Q variation, the pressure of the atmo-
sphere in contact with the resonator can be determined. As the vacuum increases,
the molecules around the resonator become less dense, leading to less collisions —
the air damping decreases. Because air damping is an energy loss mechanism in a
resonator, increased damping broadens out the resonant peak width in the frequency
domain. Although this technique has been explored using silicon resonators, it has
yet to be demonstrated using SiC.

The resonant structure for this method of pressure sensing can take a variety of
forms, including the topologies laid out in Section 4.2.1. It can also take the form
of a large diaphragm vibrating out of plane. Only, unlike in the previous diaphragm
examples, this time a force generator is required to drive the diaphragm into the
desired mode shape. This can be accomplished using a capacitive plate actuator or
by depositing piezeoelectric elements onto the membrane. Likewise, this technique
has been applied to Si micro-sensors; however, it has yet to be demonstrated in SiC
technology.
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Fig. 4.12 [26] SEM image of LPCVD surface-micromachined pressure sensor element
( c©Elsevier 2008), reprinted with permission.

4.2.3 Inertial Sensing

Inertial sensing units are useful in motion sensing and navigation applications. Iner-
tial sensing involves accelerometers, gyroscopes, and an accurate timing reference.
Position information can be obtained by the double integration of acceleration with
respect to time. So, if acceleration is known in three orthogonal directions along with
a precise measurement of time, precise knowledge of position can be determined.
Likewise, by knowing the rate of rotation about three orthogonal axes, precise ori-
entation can be determined. By combining all of these components together, six de-
grees of freedom can be determined, creating a full description of a body’s motion.
Typical methods for determining acceleration and rate of rotation will be discussed
along with specific examples of SiC versions intended for harsh-environment appli-
cations.

Accelerometers work by monitoring displacement of a well-characterized, mov-
able mass (proof-mass) or by capturing the reaction force needed to hold the mass in
place under an acceleration event. In the case of a displacement sensor topology, the
mass is suspended such that the stiffness of the suspension is small in one direction
but large in all other directions. Thus, the motion of the proof mass can be attributed
to the component of acceleration that is aligned with the non-stiff direction of the
suspension. In this case, resolution of the accelerometer is dependent on both the
resolution of motion detection and the size of the proof mass since a larger mass
will result in a larger deflection for the same suspension stiffness and acceleration.
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Fig. 4.13 [28] Comparison of out-of-plane membrane-based 6H-SiC accelerometer to a commer-
cial high-g accelerometer ( c©Elsevier 2003), reprinted with permission.

Alternately, one can measure the reaction force needed to hold the proof mass in
place. This force is directly proportional to the acceleration. A similar configuration
for suspending the proof mass that limits proof mass motion to be preferential in
one direction is often used so that the force sensor design can be optimized to mea-
sure a single-axis force. Force sensing accelerometers generally utilize the same
phenomenon of varying tension in a vibrating element that is used in resonant strain
sensors [27]. By including force actuators such as capacitive plates that can push
back on the proof-mass until the detected displacement is reduced to zero, the volt-
age necessary to maintain a zero displacement condition becomes a measurement
of the applied acceleration. By keeping the proof-mass stationary, nonlinearities are
generally avoided and coupling to rotational acceleration during proof-mass motion
is reduced.

SiC accelerometers to date have been of the displacement measurement type.
Initial work used bossed membranes made from 6H-SiC substrates to detect out
of plane acceleration [28]. Square and circular bossed diaphragms were fabricated
and benchmarked against a commercial accelerometer (Endevco 7270-060 K). The
sensors were well matched for accelerations below 8,000 g (Figure 4.13). However,
above 40,000 g the SiC accelerometer showed non-linearities believed to be either
due to residual stresses in the membrane or slight misalignment of the piezoresistive
sense elements to the membrane. Although the boss increases the sensor sensitivity
by increasing the proof mass, a flat membrane design was also developed because
the boss tended to increase off-axis sensitivity as well by inducing a twisting motion.



146 4 SiC MEMS devices

Fig. 4.14 [29] SEM image of an in-plane 3C-SiC accelerometer utilizing capacitive comb drives
as the sense mechanism ( c©TTP 2009), reprinted with permission.

More recently, advances in strain gradient control and precision reactive ion etch
micromachining have allowed development of in-plane single-axis SiC accelerom-
eters. Utilizing large capacitive comb arrays as both part of the proof mass and
the motion sensing mechanism, accelerometers created from LPCVD 3C-SiC have
demonstrated a resolution of 350 μg/

√
Hz at 1 kHz [29] (Figure 4.14).

PECVD a-SiC has also been used to fabricate in-plane and out-of-plane ac-
celerometers [30]. Sensors made from a-SiC must also utilize a conductive layer
for capacitive position readout. In this work, aluminum was used as the conductor
(Figure 4.15). These sensors exhibit 1.8 fF/g and 2.3 fF/g sensitivities in the vertical
and lateral directions, respectively. Because of the choice of materials and resulting
low temperature deposition processes (> 400 ◦C), these sensors are potentially Si
CMOS compatible; however, the low deposition temperature makes PECVD films
susceptible to creep if used for higher temperature applications.

Timing references do not need to use a mechanical element. A simple RC tank
can be used as a timing reference; however, such a resonant system usually has
high energy loss, which makes the drive circuitry power inefficient. By introducing
a mechanical element into the oscillator circuit, a high frequency, high Q (tight
frequency band) signal can be generated and used to keep track of elapsed time.
The higher the precision that time is measured, the more accurate the position can
be determined from rate of rotation and acceleration information.

Folded flexure resonators have been made by directly growing polycrystalline
3C-SiC on silicon dioxide on a Si substrate. Aluminum is used as the etch mask



4.2 Devices and operation in harsh environment 147

SiC

Si Al

Fig. 4.15 [30] Schematic of layout for (left) out-of-plane and (right) in-plane accelerometers fab-
ricated from PECVD a-SiC ( c©IEEE 2003), reprinted with permission.

material. This type of structure has an in-plane resonant frequency of 42.6 kHz with
a 110 V actuation voltage [31]. These resonators were tested up to 900 ◦C. It was
shown to exhibit significantly less shift in resonant frequency with temperature than
an equivalent polysilicon resonator, presumably because of a higher sensitivity of
Young’s modulus to change in temperature for the polysilicon beams [32].

The DETF structure used as a strain sensor is also a potential timing reference.
The resonant strain sensor operates at 218 kHz. However, it was only tested at atmo-
spheric conditions, thus exhibiting a fairly poor Q of approximately 300-400 [14].
Even a simple cantilever structure can be used as a mechanical resonator. For in-
stance a vertically-actuated SiC cantilever beam exhibited a resonant frequency of
1.5 MHz and a Q of 128 [33]. If these devices were operated under vacuum, signif-
icantly higher Q should be achievable.

A Lamé mode resonator array has also been demonstrated in polycrystalline 3C-
SiC deposited using LPCVD. A fully-differential array of resonators exhibited a Q
of 9,300 at a frequency of 173.5 MHz, operated in air [34]. The intended application
was as a mechanical filter; however, it demonstrates higher frequency operation that
could also be used for timing applications. A limitation of polycrystalline 3C-SiC
resonators continues to be higher motional resistance. Even though very small ca-
pacitive gaps were formed using FIB in this particular example, motional resistance
was still high for this resonator array. This is presumably because the sheet resis-
tance in poly-SiC films is still significantly higher than other common materials,
such as poly-Si. Nonetheless, as a basic resonator timing element, the Lamé mode
resonator is a viable choice for SiC-based timing circuits.

Although the above resonators were all capacitively driven and sensed, thermally-
actuated resonators have also been demonstrated (Figure 4.16). By patterning Pt or
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Fig. 4.16 [35] Two thermally-actuated SiC cantilever resonator designs. Pt is used as the electrode
material ( c©Elsevier 2006), reprinted with permission.

Ni/Cr electrodes on hetroepitaxially-grown SiC cantilevers, resonant frequencies
near 900 kHz have been achieved [35].

Gyroscopes are used to measure rate of rotation. This is accomplished most typ-
ically by a mass-in-frame configuration where a mass is vibrated in a direction or-
thogonal to both the axis of rotation of interest and the direction to which the frame
is restricted to react. Monitoring either the position or reaction force generated by
the frame due to a Coriolis acceleration that is generated during rotation gives a
measurement of the rotation rate.

This type of single-axis gyroscope, using a variety of mechanical suspension and
frame designs, has been implemented successfully in Si technology [36, 37, 38].
To date, no known micromachined gyroscope has been fabricated in SiC. With the
successful implementation of strain sensors and accelerometers, SiC microfabrica-
tion has demonstrated all the necessary components to fabricate this type of device.
Thus, it is just a matter of time before this last component for inertial sensing is
realized in SiC.

Integrating the accelerometer and gyroscopes together in a fashion similar to
newly emerging commercial Si-based inertial measurement units (IMUs) will be a
challenge for the high-end temperature applications. The combined packaging of
these devices will need to be developed using packaging ceramics that can survive
the high temperature without generating large stresses in the package due to thermal
expansion mismatch. Additionally, reduction of electrical interconnects is needed
to improve the robustness of the packaged solution under these high temperature
and potentially corrosive environments. These first-level packaging issues will be
discussed more fully in Chapter 5. These complications need to be weighed against
the process and design difficulty of requiring even higher degrees of monolithic
integration of the IMU sub-components.
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4.2.4 Chemical

There are a number of chemical sensors that utilize SiC films. Key advantages of
SiC include chemical inertness and temperature stability without significant oxide
growth or inter-metal diffusion. Being chemically inert allows the SiC films to be
subjected to harsh chemical conditions without destroying the film. Minimal ox-
ide growth and material property stability with temperature allows these sensors to
maintain a higher level of stability than Si- or polymer-based sensors. Likewise, the
low diffusion rate of metals into SiC maintain sensor stability when higher tempera-
tures would otherwise suffer from metal migration into the ceramic films, changing
their electrical characteristics.

Chemical sensors can be implemented using elements that are sensitive to ad-
sorption of chemicals onto the surface. This includes capacitors, Schottky diodes,
FETs, and surface acoustic wave (SAW) devices. In some instances SiC is not used
directly as part of the sensing element, but may merely be a tough mechanical sup-
port that is tolerant to high localized temperature, particularly for use in micro-
hotplate fabrication. In this case, the sense material is typically heated to stabilize
the operating temperature or to improve sensitivity by promoting a chemical reac-
tion.

Hydrogen is a common target chemical. By placing a catalytic metal (e.g., Pt)
onto a semiconductor surface, hydrogen atoms, either from a catalytic reduction of
hydrogen molecules or hydrocarbons at the metal surface, diffuse through the metal
to form an electrically-polarized layer at the metal-to-semiconductor interface [39].
When made part of a capacitor, this polarized layer lowers the flat band voltage.
When part of a diode, it reduces the barrier height. By monitoring how the electronic
device varies, the amount of hydrogen can be determined.

Oxygen atoms or nitric oxide molecules consume hydrogen, so tend to result in
the reverse effect. Carbon monoxide reacts with oxygen, which in turn inhibits that
oxygen from reacting with hydrogen. These competing mechanisms through their
association with hydrogen can be sensed using hydrogen sensitive devices.

Two classes of SiC chemical sensors will be discussed. The first group are field
effect devices, which use transistor of diode devices to detect the changes in electri-
cal polarity due to hydrogen build-up. The second group do not use SiC to form the
sensor elements but instead use it as a high-temperature, high-strength substrate for
creating a suspended micro-hotplate to heat the sense elements.

4.2.4.1 Field Effect Devices

In 1997 metal-insulator-SiC (MISiC) sensor devices based on capacitors and Schot-
tky diodes were tested [40]. These devices were constructed from 4H-SiC, and oper-
ating temperatures as high as 1000 ◦C were demonstrated with prolonged operation
at 600 ◦C feasible. Response times were on the order of milliseconds. Additionally,
interdiffusion of metal and insulator layers were studied. Response curves were gen-
erated for hydrogen, oxygen, and hydrocarbons.
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Fig. 4.17 [41] Schematic cross-section of a MISiC sensor that incorporates TaSix as a buffer layer.
This buffer layer interacts with the silicon dioxide layer to form a TaSixOy layer. ( c©Elsevier 1997),
reprinted with permission.

Baranzahi et al. [41] further demonstrated 6H-SiC MISiC devices that incor-
porated a “buffer” layer between the metal and silicon dioxide (Figure 4.17). This
buffer of 10 nm thick TaSix improved the long term stability and response time of the
sensors. These sensors were used to monitor hydrocarbons and were able to exhibit
an output transition near a stoichiometric ratio in a simulated exhaust environment,
which indicates complete combustion.

A MISiC structure that incorporated a LaF3 buffer layer to increase the sensitiv-
ity to fluorine was developed in 1999 [42]. This structure was originally developed
using a Si semiconductor layer. However, high temperature was needed for the cata-
lyst and buffer layer to create the desired sensitivity. So the semiconductor layer was
switched to SiC so that operation over 200 ◦C was feasible. This sensor was tested
against F2, HF, CCl4, CH4 and sensitivity to more complex fluorine compounds
such as CF3CH2F to see if these compounds could be differentiated in the output.
It was found that although there sensitivity was highest in the range of 200-330 ◦C,
selectivity was not possible. But at 390 ◦C, selectivity was possible (Figure 4.18).

Work utilizing LaF3 was then further extended to an array of MISiC sensors that
utilized variations in metal catalyst (e.g., porous Pt, Ir, Pt/Ir) to generate differenti-
ating responses in a real exhaust environment. Figure 4.19 shows a schematic of the
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Fig. 4.18 [42] Response of a SiC gas sensor to HF at varied concentrations at 390 ◦C (concentra-
tion of HF in ppm is given in the upper portion of the graph). ( c©Elsevier 1999), reprinted with
permission.

device utilizing a porous catalyst layer to increase the tri-interface regions as well
as the response curves for such a device when exposed to an oxygen containing
environment versus propane [43]. FETs became the device of choice because they
combined the simplistic readout electronics of diode-based devices with the sta-
bility of capacitor-based devices since the FET devices also utilize a thicker oxide
layer. This device is also easily adaptable to SiC, making it possible to operate these
types of gas sensors at high temperatures either to improve sensitivity or because the
application demands survival at elevated temperature, as is the case of in-cylinder
combustion monitoring.

Although this array approach was shown to be somewhat successful, the general
drawback of these types of sensors is the lack of a single sensor to a single chemical.
So for practical implementation an array of sensors is likely needed to make the
necessary distinction, which in turn requires a detection algorithm that can be quite
complex depending on the models used [44].

4.2.4.2 Micro-hotplates

Micro-hotplates are useful for chemical sensing because control of the sense ma-
terial temperature is advantageous in two main ways. First, actively regulating
the sense element temperature to a constant level dramatically reduces thermally-
induced drift or aliasing of the output signal. Second, in some cases by heating the
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Fig. 4.19 [43] (a) Schematic of the MISiC sensor utilizing porous Pt and (b) response curve for
this type of sensor when exposed to a propane or oxygen environment ( c©Elsevier 2001), reprinted
with permission.

sense element to a high temperature leads to improved sensitivity to a given species
or allows operating in a regime where response specificity among a selection of
chemicals is greater.

Well-controlled, localized heating using resistive trace elements is typically
achieved by creating a free-standing suspension on which the resistive elements are
fabricated into and capped with metal oxides. SiC is a great candidate for these free-
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Fig. 4.20 [45] Microphotograph of micro-hotplate made on top of a 2 μm thick LPCVD 3C-SiC
film ( c©Elsevier 2005), reprinted with permission.

standing suspensions because of the high mechanical strength, mechanical stability
at high temperatures, and chemical resistance. Because silicon can be selectively
etched with respect to SiC, these suspensions are typically deposited onto silicon
substrates so that the silicon can simply be etched away under the SiC.

One example of such a design used a 2 μm thick LPCVD 3C-SiC film deposited
on a Si substrate [45]. This film was covered with a 300 nm thick PECVD silicon
oxide to isolate the catalyst from the substrate. Patterned Pt was used as the resistive
heating element, temperature sensor, and inter-digitated electrode for chemical sens-
ing. Finally, a second layer of PECVD oxide was deposited over the structure and
gold was used to overcoat the bond pad regions (Figure 4.20). The micro-hotplate
was able to heat up to approximately 500 ◦C using 300 mW, demonstrating the
high temperature survivability of SiC. Continued work in this area should look at
high ambient temperature chemical sensing. In this case, the micro-hotplate would
likely need to be transitioned to a SiC substrate. It would also need to be operated at
an even higher temperature than ambient to maintain a consistent chemical sensor
temperature relative to changes in ambient.
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4.2.5 Photo and Radiation Detectors

Light emitting diodes (LEDs) based on SiC were successfully commercialized in
1989 by Cree Semiconductor [46]. These LEDs have since been displaced by other
wide-bandgap semiconductors because of low efficiencies of SiC-based devices. Re-
versing the light emitting process allows sensitive detection of light in the UV range.
SiC photodetectors have been made on 4H- [47] and 6H-SiC substrates [48, 49].
These sensors have high efficiencies for UV wavelengths (∼93% external quantum
efficiency [47]) but are insensitive to visible wavelengths, allowing good selectivity.

SiC was investigated in the 1960s for use as a radiation detector, but again effi-
ciencies were low; however, recently Stoken et al. have revisited SiC as a alpha ray
and x-ray detector [50]. Higher purity levels of the SiC films that can be produced
today have improved output efficiency compared to earlier attempts.

4.2.6 Temperature

Temperature sensing can be accomplished in a variety of ways. Generally, devices
exhibit different degrees of temperature sensitivity. This is often something one
wants to avoid. Temperature sensitivity in a device, such as a strain sensor or pres-
sure sensor, can sometimes be counteracted by using an independent temperature
sensor along with a model of the sensor response to temperature integrated into the
sensor output electronics. Conversely though, isolating the strain sensor from strain
essentially converts the sensor output to one that is solely a function of temperature.
Therefore, optimizing temperature sensitivity instead of avoiding it can convert re-
sistors, transistors, and resonators into usable temperature sensors.

Measuring resistance changes in a surface-micromachined thin film ceramic strip
creates a low-complexity, compact temperature sensor. Termed thermistors, these
temperature sensors have a long history. Many researchers have developed thermis-
tors from SiC films and have studied the performance of the different polytypes
with different dopant types and levels. In 1982, Nagai et al. demonstrated a SiC
thermistor fabricated using magnetron sputtering onto an alumina plate [51]. These
devices were trimmed to control the nominal resistance value prior to sealing in-
side a hermetic glass package (Figure 4.21). The resistance of these devices as a
function of the inverse of temperature is shown in Figure 4.22. Thermistors have
also been demonstrated using patterned metal electrodes on unintentionally doped
3C-SiC CVD wafers [52] as well as a high density array formed using magnetron
sputtered SiC [53]. The array was specifically made into a linear array with regions
as dense as 50 μm center-to-center spacing to characterize the thermal gradient at
the liquid-vapor interface during evaporation (Figure 4.23).

In 1996, Casady et al. demonstrated a temperature sensor based on a 6H-SiC
buried gate junction gate field-effect transistor [54] (Figure 4.24). The pn junction
current was regulated using a series-series feedback network to prevent fluctuations.
In this configuration, the pn junction voltage, vd , was shown to have good sensitivity
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Fig. 4.21 [51] Hermetically sealed SiC thermistor ( c©IOP 1982), reprinted with permission.

(2.3 mV/◦C) and excellent linearity from 25 ◦C to 500 ◦C. The sensitivity rapidly
increased at -50 ◦C however, presumably because of carrier freeze-out in the diode.

Recently, a temperature sensor based on the optical signature of a SiC chip in
a sintered SiC tube has been successfully used to accurately measure high temper-
atures up to 750 ◦C [56]. This sensor uses blackbody radiation, two-wavelength
pyrometry along with Fabry-Perot laser interferometry to provide relatively fine
temperature accuracy. Furthermore, this method uses the SiC chip as a free-space
optic, which provides wireless operation. The use of a laser system is inherently
bulky compared to a simple semiconductor resistor or JFET temperature sensor and
requires, at least in the current configuration, that the laser be kept in a low tempera-
ture environment. This method though has promise in combustion engine or turbine
environments where the high temperature environment is localized in the system.

4.3 Material aspect of harsh environment operation

This section will briefly discuss issues related to high temperature operation. Namely
temperature-induced stresses will be discussed. Furthermore, control of stress gra-
dient and its impact on being able to recreate certain devices that exist in Si tech-
nologies will also be discussed.
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Fig. 4.22 [51] Temperature dependence of resistance of the SiC films deposited at various substrate
temperatures with a particular electrode pattern: A 750 ◦C; B 700 ◦C; C 650 ◦C ( c©IOP 1982),
reprinted with permission.

4.3.1 CTE of layers and effect

When operating temperatures can be hundreds of degrees Celsius over room tem-
perature and dynamic temperature ranges can likewise be quite large, even small
differences in how materials expand with increased temperature can be of critical
importance. This is often captured as a coefficient of thermal expansion (CTE). CTE
mismatch is a critical input in designing a sensor for harsh environment applications.
Furthermore, CTE is generally not a linear function of temperature [57, 58, 59]. Fig-
ure 4.25 plots CTE values for SiC and Si based on a variety of deposition methods.
It is interesting to note that the common CTE values listed in textbooks for Si and
SiC do not apply to the same temperature range. In fact, near room temperature the
CTE difference becomes very small.

In the case of a SiC double-anchored, flexural-beam resonator fabricated on sili-
con, the mismatch between the silicon substrate and the SiC device layer film leads
to a higher frequency sensitivity to temperature than would be expected by elastic
modulus softening of SiC alone (see Equation (1.13)). There also exists a region
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Fig. 4.23 [53] Schematic cross-section of thermistor array for use to generate a temperature gra-
dient map at the liquid-gas interface during evaporation ( c©ECS 1989), reprinted with permission.

Fig. 4.24 [55] 6H-SiC junction gate field-effect transistor thermistor output voltage as a function
of temperature ( c©Elsevier 1996), reprinted with permission.

near room temperature where the difference in CTE between Si and SiC is small,
and the induced thermal strain (Figure 4.26) counteracts the strain due to stiffness
softening [60]. In this regime of temperatures, frequency shift with temperature is
very low. This provides a passive method capable of reducing thermal sensitivity
for room temperature operation; however, at significantly higher temperatures, the
sensitivity to temperature is amplified because of the CTE mismatch.
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Fig. 4.25 [60] CTE as a function of temperature for 3C-SiC and Si as characterized by [57, 58, 59]
and comparison to estimate of CTE for thin-film LPCVD 3C-SiC based on resonator response [60]
( c©IEEE 2009), reprinted with permission.

More extreme mismatches though tend to be detrimental to long-term survivabil-
ity. Large cyclic loads are applied at the interfaces when materials with large CTE
mismatch undergo large temperature changes. Therefore, whenever possible mate-
rials with closer CTE values should be the preferred design. For instance, it is better
to use a-SiC compared to SiO2 as an interlayer insulator between SiC or Si layers.
For sustained high temperature operation, even the difference in CTE between the
Si substrate, SiC device, and packaging layers can be problematic. Moving towards
an all-SiC solution, utilizing a single-crystalline SiC substrate, alleviates the mis-
match issue for high temperature operation. For very high temperature applications
or applications that will continually cycle from room temperature to high operating
temperatures, moving toward an all-SiC solution becomes a necessity for reliable
long-term operation.
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Fig. 4.26 [60] Thermal strain due to CTE mismatch between a silicon substrate and LPCVD 3C-
SiC thin film based on literature for SiC and Si [57, 58, 59] and based on experimental mea-
surements made using a double-anchored DETF resonator [15] ( c©IEEE 2009), reprinted with
permission.

4.3.2 Stress gradient and stress relaxation

For mechanical elements of microsystems, stress and stress gradients impact device
performance. In extreme cases, films may curl out of plane upon release (Figure
2.35), which for many applications would render the device unusable. The films
may delaminate from the surface. Thus, stress and stress gradient can be limiting
factors in achievable film thickness. Especially for electrostatic-based structures,
thicker films are desired to increase signal strength since for an in-plane operated
structure, the forces generated along with the spring constant scale linearly with
thickness as does the device mass. For example, if operating an in-plane resonator
then increasing the thickness results in essentially no change in frequency or drive
voltage; however, capacitive coupling to the sense electrodes also scales upwards.

As has been discussed previously, the mechanical properties of silicon carbide
films are very stable with temperature. This is one of the reasons why it is a lead-
ing candidate material for harsh environment applications. But this also makes it
difficult to anneal out a significant level of stress [61, 62]. With silicon dioxides
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and polysilicon layers, annealing often has a significant impact even when done at
moderate temperatures. Annealing can be enough to reduce issues with stress or
stress gradients. Silicon carbide has benefited in recent years by development of al-
ternate methods of tailoring the mechanical properties. Tailoring the doping level,
pressure, and flow of gases during deposition can be used to tune the stress. But for
very thick films, often it is the variation in grain growth through the thickness that
create a stress gradient. So work to likewise deposit with a gradient in gas flow or
dopant concentration throughout the deposition has been able to create lower gradi-
ent films [63].

There still are device topologies from silicon micromachining that would be dif-
ficult to implement as is using SiC because they require a very long free-standing
structure, requiring near-zero stress gradient. There is additional work to develop
more strain gradient tolerant structures. By re-thinking some of the existing topolo-
gies in terms of anchor placement and how the structure folds upon itself is seen as
an area of development that would be beneficial for SiC MEMS.

Epi-layer SiC or wafer-bonding of single-crystalline SiC to create SiCOI can
create device layer films that are nearly stress free; however, this restricts the avail-
able topologies in terms of creating electrical routing layers or maintaining thermal
budget if trying to integrate SiC electronics onto the same substrate as the MEMS
device is important. So some solutions for the device realization standpoint need to
be reviewed in the context of the overall system since they may limit options later
in the system design.

4.3.3 Design for high g-shock survivability

Some level of shock survivability is usually considered as part of a commercial
MEMS sensor mechanical design, from intentional accelerations expected in the
field to accidental events such as dropping the sensor from a table. Although MEMS,
due to their low inertia, are innately robust to moderate g-shock, certain harsh envi-
ronment applications such as munitions monitoring require surviving shock events
of 100,000 g or more. SiC has a favorable stiffness to weight ratio and good yield
strength, but at these very high shock levels, more traditional designs may need to
be modified to ensure device survivability. To highlight how design can be used to
improve shock survivability, an example of how a SiC comb-driven double-ended
tuning fork (CDDETF) resonant sensor is modified for high g-shock survivability
will be discussed [15].

CDDETF resonators are commonly used in MEMS sensor applications and uti-
lize electrostatic comb arrays for drive and sense of tine deflection (Figure 4.27a).
The comb-array provides a higher transduction constant (due to increased capacitor
surface area), which does not vary with the magnitude of tine excitation (minimiz-
ing distortion of the output signal). In addition, air damping is less for a comb array
than for a gap-closing capacitor array of equivalent transduction efficiency. Thus,
even though the added mass of the comb array decreases the resonator sensitivity
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Fig. 4.27 [15] Schematics of (a) standard comb-driven double-ended tuning fork (CDDETF) res-
onator and (b) balanced-mass double-ended tuning fork (BDETF). ( c©IEEE 2007), reprinted with
permission.

to applied strain or force [64], this is often tolerated because of the superior electri-
cal characteristics achieved with the electrostatic comb array. This large structure is
suspended far from the resonating tine and is detrimental to high shock survivability.
It leads to a structure that is susceptible to deflection under shock, and the resulting
load it creates on the tine and anchors cause high local stresses on other portions of
the structure.
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There are two primary modes of failure due to shock in MEMS: fracture and
stiction. Preventing fracture, obviously, requires management of strains generated
during a shock event. Stiction can occur either between the device layer and the
substrate or, as is much more common, between the stationary and moving comb
fingers of the capacitive comb array. Hence, to prevent stiction, it is also important
to limit deflection during a shock event.

By folding the sense portion of the comb array between the tines, the long lever
of the CDDETF structure is eliminated. The moving portions of the sense and drive
comb arrays are now placed symmetrically around the tine, creating a balanced-
mass comb-driven double-ended tuning fork (BDETF) topology (Figure 4.27b). To
facilitate folding the sense comb array between the tines of the BDETF without
significantly reducing the transduction area of the comb array compared to the CD-
DETF, the tine length is increased by 50% over the CDDETF design. Since the pri-
mary flexural mode resonant frequency and frequency sensitivity to applied strain of
a clamped-clamped tine is constant for a given tine width-to-length ratio, the width
of the BDETF tine is proportionally increased so as to maintain the same resonant
frequency and sensitivity. In order to fit one half of the comb array between the
tines requires widening the isolation block significantly over the CDDETF config-
uration. It is possible that widening the isolation blocks that connect the tines to
the substrate anchors may increase anchor loss compared to the CDDETF; however,
fluidic damping, not anchor loss, is the limiting factor in achievable Q for a res-
onator operated in air, which is how the original design is intended. Thus, changing
the resonator to a BDETF does not diminish the strain sensor transduction perfor-
mance while theoretically improving the g-shock survivability of the sensor over the
standard CDDETF.

Simulations were conducted using ANSYS at 10,000 g, 50,000 g and 100,000
g in three directions: out-of-plane (z-axis), in-plane parallel to tines (y-axis), and
in-plane perpendicular to tines (x-axis). Fracture failure was determined to occur
first for both designs under z-axis acceleration. SiC is assumed to have a fracture
strain limit of 0.17% based on literature review of CVD SiC films that examined
comparably sized features. Therefore, the CDDETF is fracture-limited to 70,000 g,
compared to 94,000 g for the BDETF design. The other mode of failure is stiction.
For this type of structure, contact occurs either with the substrate or with the moving
comb array fingers contacting the stationary fingers. Contact with the substrate will
occur under 23,000 g z-axis acceleration for the CDDETF; whereas, the BDETF
can survive 150,000 g based on extrapolation of the simulation data. Comb finger
contact occurs at 93,000 g y-axis acceleration for the CDDETF while the BDETF
reduces deflection in the y-axis by 98%.

By understanding the failure modes of the device structure along with general
design constraints of the sensor enables sensor redesign that increases shock sur-
vivability considerably (in this example as much as four-fold). With careful design
considerations, these gains can be made without significant compromise to sensor
performance. Sometimes, as in this particular example, understanding the dominant
loss mechanisms in the device allows improving shock survivability without reduc-
ing sensor sensitivity.
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