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Toward a Self-Sensing Piezoresistive Pressure
Sensor for All-SiC Monolithic Integration

Luke M. Middelburg , H. W. van Zeijl, Sten Vollebregt , Senior Member, IEEE,
Bruno Morana, and Guoqi Zhang , Fellow, IEEE

Abstract—This work focusses on the design and fabrica-
tion of surface micromachined pressure sensors, designed
in a modular way for the integration with analog front-end
read-out electronics. Polycrystalline 3C silicon carbide (SiC)
was used to fabricate free-standing high topography cavities
exploiting surface micromaching. The poly-SiC was in-situ
doped and the membrane itself is used as piezoresistive
element, thereby forming a so-called self-sensing membrane,
easing fabrication.After sacrificial release, the cavity is sealed
by conformal deposition of poly-SiC whereby the reference
pressure of the absolute pressure sensor is determined.
Aluminum and titanium metallizations were used and ohmic
contacts were confirmed by wafer-scale measurements. Mea-
surements were carried out on different devices ranging from 100 kPa down to 10 Pa at room temperature. The Wheatstone
bridge yields a logarithmic response of 1.1 mVbar-1V-1. A square 300 μm device exhibits a logarithmic impedance behavior
yielding a response of �R/R of 1.6×10−3bar−1. The realized pressure devices are a first step toward a SiC ASIC + MEMS
platform for intended operation in harsh environments, such as industrial process monitoring, combustion control or
structural health monitoring. The future outlook of the integration concept implies extended functionality by front-end
transducer read-out, signal amplification and communication.

Index Terms— Silicon carbide, absolute pressure sensor, MEMS, surface micromaching.

I. INTRODUCTION

S ILICON carbide is a compound semiconductor with a
larger bandgap compared to silicon, resulting in unique

physical properties. A higher critical electrical field strength
and a larger thermal conductance compared to silicon has
resulted in the adoption of silicon carbide in power electronics.
In addition, thanks to its larger bandgap, and inherent lower
intrinsic carrier concentration at elevated temperatures, silicon
carbide active devices such as BJTs and MOSFETs in 4H- or
6H-SiC keep showing the desired electronic behavior, even
beyond 500 ◦C [1], [2]. As a result SiC CMOS technolo-
gies exploiting mono-crystalline SiC (such as 4H or 6H)
are promising for the development of low-voltage front-end
read-out electronics.
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In recent years, research has been conducted into the
application of silicon carbide for the fabrication of sensors,
mainly intended for harsh environments. Properties such as a
high Young’s modulus, high acoustic velocity, high radiation
hardness, high chemical intertness and the high melting point
make SiC an interesting candidate for many different sensors.
Wright et al. give an overview of different SiC based sensors,
ranging from gyroscopes and gas sensors to pressure sensors,
along with specific harsh environment applications, such as
combustion control and space applications [3]. Senesky et al.
discuss the application of SiC sensing structures and elec-
tronics specifically for health and performance monitoring in
aerospace systems [4].

Pressure sensors are present in numerous applications,
which makes them an ideal candidate to consider for mono-
lithic integration with state-of-the-art SiC CMOS processes.
Pressure sensors intended for harsh environments can for
example be used for combustion monitoring to improve effi-
ciency and reduce emissions of unwanted combustion prod-
ucts [2]. Additionally, they can be used to monitor pressures
in geothermal wells and turbines [5], [6]. A pressure sensor
which can be fabricated in such a modular way that it can be
incorporated in the back-end-of-line (BEOL) part of a CMOS
process, would enable a platform on which the physical pres-
sure transducer is monolithically integrated with the front-end
CMOS read-out electronics. From a measurement system’s
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perspective, it is highly desirable to have the read-out electron-
ics, for example impedance read-out or signal amplification,
as close as possible to the physical transducer, in order to min-
imize noise contributions originating from interconnect, EMI,
or parasitic impedances. Another advantage of the integrated
electronics is that the the read-out is performed directly in
the electrical domain. Examples exist in literature where the
read-out of membrane deflection is done using optical fibers
[7]. Moreover, because of the inertness of silicon carbide,
the usage of both a SiC sensing structure and SiC CMOS
electronics relaxes the requirements on the packaging of bare
dies.

Numerous pressure sensors have been reported in lit-
erature featuring silicon carbide, both exploiting thin-film
carbide (typically 3C polytype based) and bulk substrates
(typically 4H polytype based). Hoogerwerf et al. reports on
a mono-crystalline 4H-SiC based pressure sensor using a
sealed reference cavity [8]. Despite the structure being fully
crystalline silicon carbide based, the proposed design relies on
DRIE etching of crystalline SiC in combination with wafer
bonding and is less suited for integration with SiC CMOS.
Moreover results such an implementation in double the sub-
strate costs.

A pressure sensor formed by laser scribing bulk 4H-SiC
was reported by Nguyen et al. [9] resulting in a rather large
required membrane area of 5 x 5 mm2, due to the rough surface
finish of such an ablation method. Although the electrical
and mechanical properties of the crystalline SiC are fully
exploited, the design relies on die-bonding with epoxy to a
chip carrier in order to form an absolute pressure sensor. Also,
from a miniaturization perspective, a membrane formed by
laser scribing is undesirable, especially taking into account
the high area cost of a SiC CMOS wafer.

Research into the piezo resistive properties of in-situ
doped polycrystalline 3C-SiC was recently published by
Phan et al. [10] and it was reported that gauge factors (GFs)
up to −10 can be achieved [11], comparing to 20.8 for
crystalline 4H-SiC [12]. Although the gauge factors which can
be obtained by the usage of polycrystalline in-situ doped 3C-
SiC are significantly lower compared to the mono-crystalline
counterparts, the usage of polycrystalline has significant
advantages, especially in the context of monolithic integration
with SiC CMOS. Bulk micromachining of crystalline SiC
can be performed, but is not trivial since it requires metal
masking layers when depths exceeding several µm’s need to
be etched, due to the otherwise poor selectivity [12]–[16]. The
significant research interest in SiC and other wide bandgap
materials is illustrated by a novel opto-electronic coupling
mechanism that was recently reported by Nguyen et al.
[17], [18]. This coupling mechanism is used to boost the
gauge factor by using illumination of SiC, thereby gen-
erating a gradient of charge carriers. The same effect is
exploited by Li et al. in the application of 3C-SiC nanowires
which are illuminated with UV-light to enhance piezoresis-
tive behavior [19]. These works illustrate the importance
of further investigation of novel concepts of piezoresistive
materials and sensors.

Using thin-film polycrystalline 3C-SiC omits the need
for the rather complex bulk micromachining. Moreover,
the process flow can be designed such that it fits in the
back-end processing of a SiC CMOS technology, and that
the sensor can be fabricated on different types of sub-
strates, enabling prototyping on well-available and cheaper
silicon substrates. In the latter case, the influence on the
mechanical design of the different coefficients of thermal
expansion (CTEs) need to be taken into account. Surface
micromachining thin-films results in a higher degree of design
flexibility, since membrane dimensions can be chosen freely
regardless of the substrate thickness. Moreover, because the
formation of an absolute pressure sensor based on a reference
pressure inside a sealed cavity is more easily achieved in a
surface micro machined, thin-film based solution.

Capacitive surface micro machined pressure sensors
exploiting poly-SiC are reported in literature. Beker et al.
realized a surface micro machined capacitive pressure sensor
featuring a cavity with a reference pressure from polycrys-
talline SiC. However, operation up to only 180 ◦C was demon-
strated [5]. Chen and Mehgregany have realized a capacitive
surface micromachined pressure sensor showing operation up
to 574 ◦C for in-cylinder measurements [20]. The disadvan-
tage of specifically capacitive surface micromachined pressure
sensors is that a second electrode is needed for the actual
capacitor, requiring additional processing steps in the back-end
module and hindering integration ability with SiC CMOS.
Piezo resistive pressure sensors using poly 3C-SiC have been
fabricated by Chien-Hung et al. [21], but the design proposed
relies on bulk etching of silicon substrates, which is undesired
for the scope of this work.

Phan et al. used thin-film SiC for the fabrication of a
suspended membrane of only 200 nm, forming a pressure sen-
sor [22]. The layer was interfaced using nickel electrodes and
its n-type doping concentration was 1 × 1016 cm. A unique
property of this device was that no separate piezo resistors
were designed to transduce the stress in the membrane to the
electrical domain. Although the device described in this work
was fabricated on silicon substrates and relies on bulk etching
of this substrate, the concept of a self-sensing membrane
eases fabrication significantly, since it reduces the number of
processing steps. This concept will be applied in this work
to a pressure sensor which is fully surface micro machined,
omitting the need for bulk etching and while maintaining the
advantages of using poly-SiC.

Therefore, the goal of this paper is to develop a modular
pressure sensor that can be integrated monolithically with
SiC CMOS based on 4H-SiC substrates, as schematically
illustrated by Fig. 1. This means that the fabrication of the
device must fit inside the back-end fabrication of a SiC CMOS
technology, implying challenges regarding thermal budget,
contamination and metallization. In order to comply with
this goal, this work will focus on the usage of intrinsic and
in-situ doped n-type polycrystalline thin-film 3C-SiC. Besides,
the concept of a self-sensing membrane will be investigated.
The high degree of modularity is a third important starting
point of the design. By varying the membrane thickness, shape,
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Fig. 1. A conceptual representation of the possible monolithic integration
of the designed MEMS pressure sensor with SiC-CMOS.

Fig. 2. A schematic drawing of the design of the pressure sensor.

length, width and the dopant concentration of the membrane
layer freely, the device can be tailored to specific device
performance related to different applications.

II. DESIGN

The design is based on a surface micromachined sealed
cavity created by a suspended membrane made of polycrys-
talline 3C-SiC layers. These SiC layers are deposited by
low pressure chemical vapor deposition (LPCVD). The cavity
holds a reference pressure inside which is created during
the sealing process of the released membrane and after the
removal of the sacrificial layer. The membrane consists of
a stack of an intrinsic poly-SiC layer and a piezo resistive
in-situ n-type doped poly-SiC layer. The piezo resistive layer
will directly be used to transduce the pressure-induced strain
of the membrane into a resistance variation. Electrodes will
be patterned directly on top of the cavity, enabling four
point resistance measurements. A schematic drawing of the
proposed design is displayed in Fig. 2.

A. Analytical Device Modeling
The design of the device is bounded by cleanroom fabrica-

tion feasibility aspects, such as the maximum poly-SiC layer
thickness of 5 µm due to the deposition process. The theory
of Meleschenko [23] can be used to link a uniform pressure
on a square membrane to the maximum deflection (typically
in the center in the case of a square membrane), as described
by equation (1).

P = E
h4

a4 [g1
w0

h
+ g2(

w0

h
)3] (1)

TABLE I
DESIGN PARAMETERS

In which, P is the pressure in [Pa], E the Young’s modulus,
h the thickness of the membrane in [m], a half of the width
(2a = membrane width), w0 the maximum deflection of the
membrane in [m], and g1 and g2 are constants that include the
Poisson ratio ν. Using 0.168 for the Poisson ratio of poly-SiC,
g1 and g2 can be determined:

g1 = 4.13

(1 − ν2)
= 4.25 (2)

g2 = 1.98(1 − 0.585ν)

(1 − ν)
= 2.15 (3)

Using equation (1), it can be seen that the pressure is
linearly linked to the maximum deflection w0 as long as the
first term within the square brackets is much smaller than
the second term, which is the third power of the ratio between
the maximum deflection and thickness of the membrane.
As reported in literature [24], [25], to satisfy this condition
typically a value of 0.2 is employed for the w0/h ratio.
This would allow the second term to be only 4% of the first
term, thus ensuring a linear dependence between the pressure
and the maximum deflection. In this case the maximum
deflection would be equivalent to 20% of the membrane thick-
ness at most. Using equation (1) for a membrane thickness
of 2.7 µm and a membrane width of 2a = 300 µm results
in a maximum pressure for linear deflection of 39.14 kPa
with a corresponding deflection of 540 nm. The maximum
stress which occurs at the center of the edge of a square
membrane (x= +/−a) is given by equation (4). Based on this
equation, the maximum pressure for linear deflection results
in a maximum stress of 1.21 × 108 N m−2. When a pressure
of 100 kPa is considered, the maximum stress by equation (4)
is 3.08 × 108 N m−2.

σmax = P(
a

h
)2 (4)

In harsh environments, a relevant parameter is the pressure
beyond which yielding starts to occur, also called burst pres-
sure, which is determined by the critical stress σc and given
by equation (5).

PB = σc

( a
h )2 (5)

By substituting the design parameters as summarized in
Table I in equation (5), a burst pressure of 1.02 MPa is
obtained. This in the case of a free standing membrane
where the deflection is not limited by the cavity height. The
resonance frequency of the membrane should be considered
for applications where the dynamic behavior is of importance.
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TABLE II
SIMULATION PARAMETERS

This frequency can be expected to be high, thanks to the
high stiffness of the used polycrystalline SiC material and the
relatively low mass of the membrane itself. The resonance
frequency is given by equation (6).

fr = 1.65
h

a2

√
E(1 − ν2)

ρ
(6)

which gives a resonance frequency of 79 MHz.

B. Finite Element Modeling
Based on the proposed design, finite element analysis (FEA)

was performed using COMSOL. The poly-3C-SiC material
was defined from a blank material. The piezoresistive cou-
pling matrix relates the mechanical stress σ to a change
in resistivity �ρ

ρ as expressed by equation (7) [10]. Note
that for a polycrystalline material, as used in this work,
the piezoresistive coupling matrix can be simplified to a scalar,
since the piezoresistive properties are not dependent on the
directions of the crystal, resulting is an isotropic piezoresistive
coupling coefficient.

�ρ

ρ
= πσ (7)

The gauge factor is linked to the piezo resistive coupling
value via the Young’s Modulus as described by equation (8).

G F = Eπ (8)

In which E is the Young’s modulus. From literature it can
be concluded that the highest gauge factors are obtained for
a target bulk resistivity of polycrystalline 3C-SiC of approxi-
mately 0.1 �cm [10], [11]. Considering a gauge factor of −10,
a piezo resistive coupling value of −2.33 × 10−11 Pa−1 is
obtained. COMSOL expects a piezo resistive coupling value
which is multiplied with the bulk resistivity. The piezoresistive
coupling coefficient equals then -2.33E-14 �m/Pa, which
equals −2.33 × 10−14 m4 s−1 A in SI-units. The cavity will be
sealed at 80 Pa and 860 ◦C. Applying gas laws of Gay-Lussac
and under the assumption of constant volume, a value of
about 20 Pa is obtained when the cavity is at 25 ◦C. Other
simulation parameters used are reported in Table II.

Although the geometry can be varied freely within the
process boundary conditions, a square membrane with a side
length of 300 µm with a thickness of 2.7 µm was modeled.
Because the membrane itself is used as piezo resistive sensing
element, the dimensions and positioning of the electrodes is
largely influencing the sensitivity of the device. The length

Fig. 3. (a) The stress tensor in y-direction at 100 kPa; (b) The stress
tensor in z-direction at 100 kPa.

of the electrodes was designed such that they align with the
regions of maximum stress. Two design options are consid-
ered, one where the electrodes are deposited directly on top
of the membrane and one where the electrode is formed on
the ‘sideplane’, right next to the cavity. For sensitivity reasons,
the first option is highly preferred, but requires the metal to
be deposited over one additional flank. Both design options
are illustrated in Fig. 1, the electrode on top of the cavity
and on the side plane on the left and right side respectively.
In the simulation, the electrodes positioned directly on top of
the cavity are considered. A line of symmetry was added to
reduce computational load. Aluminum was chosen as material
for the electrodes, while the membrane itself is based on the
poly-SiC.

The reference pressure inside the cavity was modeled by
applying a boundary load on the bottom of the membrane,
while the simulated pressure was applied by a boundary load
on the outside of the cavity, thereby yielding a pressure differ-
ence. Fixed constraints were used to bound the device as if it
would be processed on a wafer. Additionally, a boundary load
was applied to the membrane to account for the residual stress
in the poly-SiC which was characterized during fabrication
(Section III). A parametric sweep was used to investigate the
membrane response in which the pressure was swept from
10 Pa to 100 kPa. The y- and z-components of the stress tensor
at the maximum pressure of 100 kPa is included in Fig. 3, from
which it can be seen that the electrodes match the regions of
maximum stress. As expected, due to the uniformly applied
pressure and to the small thickness of the layer the stress in
the z-direction is uniform.

The simulated displacement in the minus z-direction with
an applied pressure of 100 kPa equals 1.2 µm whereas the
simulated deflection at 39.15 kPa (that is the maximum pres-
sure for linear deflection) equals 540 nm, which is equal
to the analytical derivation. The piezoresistive multi-physics
module was used to study the piezoresistive response of the
membrane.

�R
R was determined by using the base resistance at zero

pressure difference (P = 20 Pa) and plotted against the swept
pressure using a logarithmic x-axis, as shown in Fig. 4.
The simulations reveal that �R

R is a logarithmic function of
pressure from approximately 30 kPa. When the gauge factor
is calculated back based on the derived volumetric strain,
the gauge factor of -10 is obtained, verifying the simulation.
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Fig. 4. ΔR
R as function of the swept pressure to investigate the piezo

resistive behavior.

Fig. 5. The process flow used during fabrication.

III. FABRICATION

A schematic illustration of the process flow is reported in
Fig. 5. A layer of low-stress amorphous SiC with a thickness
of 720 nm was deposited by plasma enhanced chemical vapor
deposition (PECVD), this served to electrically isolate the
device from the silicon substrate (Fig. 5a). Furthermore func-
tions this layer as etch barrier during the sacrificial etch. The
bulk electrical resistance of the amorphous SiC layer is in
the order of M�cm. Subsequently, a layer of 2.5 µm SiO2
was deposited by PECVD from which the mesa structures
will be formed (Fig. 5b). By using a photoresist (PR) layer
of 4.0 µm lithography of the mesa structures was performed,
subsequently they were etched by using a standard SiO2
plasma etch recipe in a RIE etchter (Fig. 5c).

After the mesas have been patterned, the first intrin-
sic poly-SiC layer of 700 nm was deposited by LPCVD.
Dichlorosilane (SiH2Cl2) and acetylene (C2H2) were used as
precursor gasses with flow rates of 123 sccm and 18.85 sccm,
respectively in a hot-wall LPCVD furnace operating at a
deposition temperature of 860 ◦C (Fig. 5d). More information
on the poly-SiC recipe used is given by Morana et al. [28].
With a four probe Kelvin sheet resistance measurement tool,
the bulk resistivity of the intrinsic SiC layer was measured to
be 439.8 �cm. Characterizations of the doped piezoresistive
poly-SiC layer performed by using high resolution scanning

Fig. 6. A microscopy image from top view of the membranes after initial
sacrificial etching of the SiO2. The circular areas indicate where the
sacrificial oxide has been etched away. Longer etching is required to
fully release the membranes.

Fig. 7. SEM images of the release hole: After sacrificial etch (left) and
after sealing (right).

electron microscope and atomic force microscopy revealed a
grain size of 145±7 nm. Due to the high topography of the pat-
terned structures, MicroChemicals 12XT-20PL10 chemically
amplified PR was used to cover the entire cavities. A PR
thickness was achieved of 7 µm by manual spincoating. The
release holes are oval shaped and have a width of 2 µm and
a length of 4 µm, the shape can be tuned by exposing the
image with circular release holes multiple times with lateral
offset steps. It is important that the width is maximum half the
target thickness of the second SiC deposition in order to ensure
sealing of the cavities. The release holes were etched in the
instrinsic poly-SiC using a customly developed plasma etch
recipe based on SF6 and O2 and performed at 0 ◦C in a DRIE
etcher (Fig. 5e). The sacrificial SiO2 was etched by using
vapor HF, the removal was step-wise monitored by optical
microscope inspections. This was possible thanks to the optical
transparency of the poly-SiC layer. This is shown in Fig. 6
where circular shapes centered at release holes are clearly
visible. These indicate the removal of the SiO2 (Fig. 5f).

A scanning electron microscope (SEM) image of the release
hole after sacrificial etch is shown in Fig. 7 (left). After the
sacrificial oxide was completely etched, the second poly-SiC
layer of 2 µm was deposited (Fig. 5g). For this deposition,
ammonia (NH3) was added during the deposition as n-type
dopant. This recipe used 80 sccm dichlorosilane (SiH2Cl2),
16 sccm and acetylene (C2H2) and 1.5 sccm ammonia, tar-
geting a bulk resistivity of 0.02�cm. Although this value
is lower than that employed in the simulation and selected
for maximizing the gauge factor, this recipe was chosen to
make sure that ohmic contact are formed. In general, moderate
tensile stress is desired for the realization of flat, non-buckled
membranes. The residual stress of the poly-SiC:N layer was
determined by wafer curvature measurements performed using
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Fig. 8. An optical microscope picture (left) and a height map (right) of a
finalized 100μm device.

Fig. 9. SEM images of the 100μm and 200μm square cavities.

Fig. 10. SEM images of the step coverage of the metal to cavity contact;
without tilt (left), with a tilt of 45◦ (right).

a Flexus 2320S and by means of Stoney’s formula, this
resulted in a tensile stress with a magnitude of 487 MPa.

After the poly-SiC:N deposition, the total stack of 2.7 µm
consisting of the intrinsic and doped poly-SiC layer around the
cavities was etched, while landing in the isolating passivation
layer. In order to minimize the area where parasitic currents
through the intrinsic poly-SiC could occur, the 700 nm thick
intrinsic poly-SiC layer was etched away, while landing on the
isolating amorphous SiC. After patterning, the poly-SiC stack
was etched using the same procedure as was used to etch the
release holes (Fig. 5h). To isolate and passivate the functional
poly-SiC layer, a layer of SiO2 of 500 nm was deposited
on the wafers. This SiO2 was etched at the locations of the
electrodes and on top of the membrane. Otherwise, the SiO2
layer would affect the mechanical properties of the poly-SiC
stack (Fig. 5i). In order to form the electrodes, metal traces
and probe pads, 1000 nm of AlSi(1%) was sputtered at 350 ◦C.
The AlSi(1%) was etched using a chlorine based recipe in an
inductively coupled plasma (ICP) metal etcher (Fig. 5j).

The completed devices were inspected by a SEM and a
Keyence VK-X250 3D laser scanning confocal microscope.
Fig. 8 shows an image of the optical inspection (left) with the
height map (right), where the deflection towards the substrate
by the atmospheric overpressure can be noticed. SEM images
of the complete devices are included in Fig. 9. The continuity
of the metal traces over the step heights was inspected as
indicated in Fig. 10.

Fig. 11. Wafer scale measurements of specific contact resistances for
the 20 × 20μm Kelvin cross bridges with Al metallization.

IV. RESULTS AND DISCUSSION

After fabrication, the wafers were diced and the pres-
sure devices were characterized. Additional test wafers were
fabricated with electronic test structures. These were used
to characterize ohmic contacts by measuring Kelvin cross
bridges (KCBs).

A. Ohmic Contacts
KCBs with two different sizes are measured on wafer scale

to verify if the metal-to-poly-SiC contacts exhibit an ohmic
behavior and to quantify the specific contact resistance ρc.
In the KCB, a square contact with a specific area between
a strip of poly-SiC and metal is made. A known voltage
is forced between one SiC/metal pair, whereas the voltage
drop over the other pair is measured. The specific contact
resistance is subsequently determined based on the area of
the measured contact hole, the measured current through the
force pair and the voltage on the sensing pair. In addition to
the sputtered AlSi(1%), also Ti was characterized, because this
metal would enable measurements carried out at temperature
beyond the melting point of aluminum, i.e measurements
beyond 575 ◦C. The KCBs were characterized by a four point
Kelvin measurement where a voltage is forced ranging from
−2 V to 2 V, while the differential voltage of the other
two pads is measured. The 20 x 20 µm KCB structures were
measured at wafer scale, the result is shown in Fig. 11. What
can be seen from the color wafermap is that a gradient appears
to be present from the bottom to the top of the wafer, where
ρc varies from 1 ×10−4 �cm2 to 2.1 ×10−4 �cm2. It can be
concluded from the linearity of the fitted IV curve as displayed
in Fig. 12 that the contact is highly ohmic for the employed
bias and temperature conditions.

Authorized licensed use limited to: TU Delft Library. Downloaded on September 11,2020 at 07:02:23 UTC from IEEE Xplore.  Restrictions apply. 



MIDDELBURG et al.: TOWARD A SELF-SENSING PIEZORESISTIVE PRESSURE SENSOR 11271

Fig. 12. The IV-curve for the maximum contact resistance (die −2, −7).

The mean value and standard deviation of the specific
contact resistances measured for the AlSi(1%) and Ti sputtered
at 350 ◦C equal μ = 0.129 m�cm2, σ = 0.0369 m�cm2

and μ = 0.149 m�cm2, σ = 0.0307 m�cm2 respectively.
Overall, it can be concluded from these measurements that
the as-deposited AlSi(1%) and Ti metallizations yield to
negligible contact resistances compared to the resistance of
the pressure devices. For the square-shaped membrane with
300 µm side length, the contact resistance (based on the design
and characterized ρc) equals 5.33� which is about 3.5% of
the membrane resistance of 153� and thus negligible.

B. Pressure Measurements
The pressure setup consists of a Nextron MPS-CHH micro-

probe chamber with a ceramic chuck. This chamber can be
pumped down, while electrical measurements can be carried
out using four available probe needles with a 20 µm rhodium
coated tip. The vacuum is arranged via a BocEdwards XDS-10
scroll pump connected to a Bronkhorst EL-PRESS pressure
controller. This controls the pressure inside the chamber by
adjusting the flow. The pressure controller houses a reference
pressure sensor and is controlled using a personal computer
(PC). The resistance of the pressure devices under test is mea-
sured using a Keithley 2612B source measurement unit (SMU)
enabling a four probe Kelvin measurement. A schematic
overview of the measurement setup is shown in Fig. 13.

1) Single Device: Initially the square-shaped membrane with
300 µm side length was measured. The membrane was biased
with a constant voltage of 1 V, while the current over the
force pair and the voltage over the sensing pair were measured
using the SMU. Simultaneously, the microprobe station was
pumped down from atmospheric pressure down to 10 Pa. The
resistance- and pressure was measured using a sample rate of
1 sample/s and the entire measurement lasted for 131 s.

�R
R was determined by using the membrane resistance at

100 kPa as base resistance R and with �R = Rmeasured − R.
Fig. 14 shows �R

R against absolute chamber pressure.

Fig. 13. A schematic overview of the pressure measurement setup.

Fig. 14. ΔR
R versus pressure in semi-logarithmic scale for the measured

single square membrane of 300μm. The base resistance was taken at
the start of the pump down at 100 kPa.

Due to the high pump speed at the start of the pumpdown in
this measurement, the result is noisy between 1 × 104 Pa and
1 × 105 Pa. Based on this result it can be seen that the response
starts to become unambiguous from 1 × 104 Pa and below,
whereas the most sensitive region is between 1 × 102 Pa
and 1 × 103 Pa, where the resistance response is logarithmic.
The resistance vs. pressure behavior can be explained by
the decreasing absolute pressure in the microprobe station,
resulting in a smaller pressure difference (Pre f ≈ 20 Pa). As a
result of the reduced pressure difference, the strain and thus
stress on the membrane is reduced. The measured increase
in resistance of the membrane while reducing the strain on
the membrane is in agreement with reported negative gauge
factors for poly-SiC [10], [11].

The logarithmic behavior of �R
R as function of pressure

sensor resembles the simulated behavior as included in Fig. 4,
although the result shows that the measurement range of the
realized device is shifted to smaller pressures. The measured
�R
R of −1.6 × 10−3 bar−1 (decreasing resistance with increas-

ing absolute pressure) is different from the value as simulated
in Sec. II-B of −3.23 × 10−4 bar−1. In order to investigate

Authorized licensed use limited to: TU Delft Library. Downloaded on September 11,2020 at 07:02:23 UTC from IEEE Xplore.  Restrictions apply. 



11272 IEEE SENSORS JOURNAL, VOL. 20, NO. 19, OCTOBER 1, 2020

Fig. 15. The Wheatstone bridges connections to the SMU; schemati-
cally (left) and through microscope (right).

this discrepancy, the gauge factor can be determined based on
the measured �R

R by using the following equation:

GF =
�R
R

�
(9)

In which � equals the strain, which is determined using
the volumetric strain as available from our numerical model
yielding to 1.64 × 10−5. Using equation 9 with a measured
�R
R of −1.6 × 10−3 bar−1 results in a calculated gauge factor

of −91. This value is much higher than reported gauge factors
in literature for poly 3C-SiC. Eickhoff et al. [11] reports
for example a GF of −10 for n-type doped poly 3C-SiC,
whereas Yasui et al. [29] reports a GF of −2.1 for such a
layer. In addition, Strass et al. [30] reports a GF of −5 for ran-
domly nitrogen-doped poly-SiC. Although the derived value
of −91 for the gauge factor is unrealistically high compared
to literature, it suggests that the gauge factor used in the
simulation is higher in reality. The simulation was furthermore
based on the Young’s Modulus and Poisson ratio as reported in
literature. The actual values of these two properties might dif-
fer, which can be another reason for the discrepancy between
the simulated and measured sensitivities.

2) Wheatstone Bridge: The Wheatstone half-bridge consist-
ing of two non-released and two released square membranes
having a side length of 200 µm was measured. The individual
pressure devices of the Wheatstone bridge feature 7 µm wide
electrodes through 5 µm contact holes on the sideplane of
the membrane. The purpose of the non-released membranes
is to function as dummy devices which experience identical
circumstances as the sensing membranes. The bridge was
biased using a constant voltage of 1 V, while the bridge voltage
was measured using the two other probe needles at the sensing
pads. In order to read out the Wheatstone bridge, a dual
channel configuration was set for the SMU. Channel A was
used to deliver a constant voltage, while channel B was used
to continuously measure the bridge voltage as indicated in
Fig. 15. In a similar way as for the characterization of the
single device, the bridge voltage was continuously measured
while pumping down the probe station. Data were acquired
with a sample rate of 1 sample/s and the entire measurement
lasted for 249 s.

The offset voltage present at 100 kPa and corresponding to
617.9 mV was subtracted from the measured bridge voltage,

Fig. 16. The bridge voltage as function of pressure after an offset voltage
correction at 100 kPa.

resulting in the � bridge voltage against pressure as shown in
Fig. 16. As can be seen from this results, the bridge voltage is
decreasing with decreasing pressure when pumping down from
atmospheric pressure. This can be explained by the operation
of the Wheatstone bridge; at t = 0 two out of four pressure
devices experience a large overpressure and the bridge is
essentially out of balance. As time passes the absolute pressure
is decreasing and thus the pressure difference is decreasing.
The resistance of the released device is getting closer to the
resistance of the non-released devices and the bridge becomes
more balanced. In the data analysis, the absolute value of the
bridge voltage was plotted for convenience. The maximum
bridge voltage difference at 50 Pa equals 1.1 mV. In the pres-
sure range from 100 kPa down to 2000 kPa, the bridge voltage
difference shows a linear response, which is followed by a
straight line in between 50 Pa and 1 kPa, which shows that the
bridge voltage is a logarithmic function of the pressure. The
difference in measurement range between the single device
and the Wheatstone bridge can be explained by the different
geometry of the (individual) devices. The Wheatstone bridge
consists of four square membranes having a side length of
200 µm, while for the single device the side length is 300 µm.
The measurement range of the smaller devices is shifted to
larger pressures, as is indicated by the absence of saturation
in the measurement result of the Wheatstone bridge. To give an
indication of the stability of the bridge voltage, a temperature
sweep was performed at constant (atmospheric) pressure,
resulting in a deviation of 0.19 mV when the temperature is
varied from 25◦C ro 125◦C.

V. CONCLUSION

Surface micromachined absolute pressure sensors have been
designed and realized based on the self-sensing concept
enhancing device and processing flexibility to make integration
with SiC CMOS possible. Intrinsic and in-situ doped poly-
crystalline SiC was used as functional material and its bulk
resistivity and residual stress were measured. Finite element
modeling was applied to verify the desired mechanical and
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piezo resistive behavior and the results were in agreement
with the analytical modeling. Ohmic behavior of the contacts
between lowly doped poly-SiC and Ti and AlSi(1%) was
verified by measuring test structures.

A single pressure device with a side length of 300 µm
was measured and a logarithmic response for �R

R was
obtained yielding a full range response of −1.6 × 10−3 bar−1,
where the sensitivity is maximum between 1 × 102 Pa and
1 × 103 Pa. The reported negative gauge factors were con-
firmed by the measurements and the response is larger than
the simulated value. Despite a shift in measurement range,
the simulated logarithmic behavior of the devices is in agree-
ment with the pressure measurements performed. A Wheat-
stone half-bridge was measured and the difference in bridge
voltage over the full range resulted 1.1 mV. Upon decreasing
the applied pressure and starting from 100 kPa it is shown
that the bridge voltage difference has a linear response down
to 2000 Pa while it exhibits a logarithmic trend below this
pressure.

It can be concluded that the concept of a self-sensing
membrane is successful and can be used to realize surface
micromachined pressure sensors, of which the functional mate-
rial is solely polycrystalline SiC. The self-sensing concept
enables omission of discrete piezoresistors on a membrane
or a buried electrode when a capacitive pressure sensor is
considered. The device geometry would allow tailoring the
geometry to match the performance with different applications.
The convenient processing is beneficial for future integration
with SiC CMOS, for example for impedance read-out, analog
to digital conversion or signal amplification.

Future work involves investigation of high temperature
performance and hysteresis effects. Stability of the devices
and ohmic contacts for extended periods of time at high
temperatures and in harsh environments is also considered as
future work.
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