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Surface-micromachined Silicon Carbide Pirani
Gauges for Harsh Environments

J. Mo, L.M. Middelburg, B. Morana, H.W. van Zeijl, S. Vollebregt and G.Q. Zhang

Abstract— The application of pressure sensors in harsh environ-
ments is typically hindered by the stability of the material over long
periods of time. This work focuses on the design and fabrication
of surface micromachined Pirani gauges which are designed to
be compatible with state-of-the-art Silicon Carbide CMOS technol-
ogy. Such an integrated platform would boost harsh environment
compatibility while reducing the required packaging complexity. An
analytical model was derived describing the design variables of
the Pirani gauges followed by Finite Element Analysis. The Pirani
gauges were fabricated in a CMOS compatible cleanroom with a
process employing only three masks, thus suitable for mass pro-
duction. The SiC-based Pirani gauge is far more competitive than
the traditional Si-based Pirani gauge in terms of endurance in high-
temperature environments. From 25°C to 650°C, the gauge shows a
reproducible response to pressure changes and has a maximum
sensitivity of 17.63 Ω/Pa at room temperature, and of 1.23 Ω/Pa
at 650°C. Additionally, some of the gauges were demonstrated to
operate at temperatures up to 750°C.

Index Terms— Pressure sensor, MEMS, harsh environments, vacuum gauge, silicon carbide, surface micromaching.

I. INTRODUCTION

PRESSURE monitoring is an important topic for several
industries, such as automotive, aerospace, and semicon-

ductor. In terms of vacuum level monitoring, the Pirani gauge
is, without doubt, one of the most popular choices for mea-
suring rough and/or medium vacuum. Its success relies on its
simple structure and the absence of moving parts. This results
in excellent mechanical robustness and high reliability.

Not until recently, MEMS (micro-electro-mechanical sys-
tems) technology has been employed for the realization of
silicon-based Pirani gauges. By leveraging on the mature sili-
con manufacturing technology, it is possible to transform con-
ventional macroscopic pressure sensors into micro-fabricated
devices. Miniaturized devices have advantages in terms of size,
power consumption, and costs compared with conventional
devices. Additionally, Si-based Pirani gauges can be integrated
with a readout circuit to further reduce the size and enhance
the reliability of the overall system. In 1991, Mastrangelo et
al. fabricated a MEMS Pirani gauge based on poly-Si with an
integrated on-chip circuitry able to process the sensing signal
[1].

In the past decade, the improvement of the Pirani gauge

J. Mo, L.M. Middelburg, B. Morana, H.W. van Zeijl, S. Vollebregt
and G.Q. Zhang are with the Laboratory of Electronic Components,
Technology, and Materials, Delft University of Technology, 2628 Delft,
The Netherlands (e-mail: J.Mo@tudelft.nl; L.M.Middelburg@tudelft.nl;
B.Morana@tudelft.nl; H.W.vanZeijl@tudelft.nl; S.Vollebregt@tudelft.nl;
G.Q.Zhang@tudelft.nl).

is still ongoing. Santagata et al. optimized the traditional
structure of a Pirani gauge by creating a tube-shaped device
that resulted in improved stiffness and higher sensitivity [2].
Also, advanced materials have been introduced to build Pirani
sensors. In 2013, Yu et al. employed dielectrophoretic (DEP)
assembly technique to prepare a single-walled carbon nan-
otube Pirani gauge, which demonstrated an ultra-low power
consumption (15 nW) and high sensitivity in a large dynamic
range (0.8 to 80000 Pa) [3]. In 2018, the world first graphene-
based Pirani gauge was designed by J. Romijn et al. The
graphene-based Pirani gauge they fabricated has a 100 times
smaller footprint than the existing Pirani gauge while main-
taining a comparable sensitivity to the state-of-the-art micro-
fabricated Pirani gauge [4].

In recent years, more scenarios require measurement sys-
tems to work in extremely high temperatures, demanding harsh
environment compatible sensors. Application examples are,
for instance, low pressure chemical vapor deposition furnaces,
oil drilling, combustion monitoring, and the electronics for
space exploration [5]. A variety of sensors are designed to
fit the high-temperature application. Table 1 summarizes such
progress in the last two decades.

As for Pirani gauges, despite the fact that there are many
excellent Pirani gauge designs, their performance at high
temperatures and corrosive environments is a huge concern.
As stated in the literature, Si-based electronics cannot operate
at temperatures higher than 125°C [13]–[15]. Beyond this
temperature, the minority carrier generation rate dramatically
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TABLE I: Sensors for the high-temperature environment in
the recent 20 years.

Researcher [ref.] Sensor
type/Mechanism

Functional
material

Max. operat-
ing tempera-
ture

D.J. Young et
al. [6]

Capacitive
pressure sensor SiC 400°C

M. Werner et al.
[7]

Piezoresistive
pressure sensor Diamond 170°C

S. Li et al. [8] Piezoresistive
pressure sensor SOI 350°C

Okojie et al. [9] Piezoresistive
pressure sensor SiC 800°C

S. Koide et al.
[10]

Hall effect
sensor AlGaN/GaN 400°C

Y. Zhu et al.
[11]

Fiber-optic
temperature

sensor
Sapphire 1600°C

W.J. Pulliam et
al. [12]

Fiber-optic
pressure sensor SiC 1100°C

This work Pirani gauge SiC 750°C

increases so the leakage current both in the device and in
the circuitry becomes significant, which limits the operating
temperature of the Si-based smart sensor. As the temperature
goes beyond 125°C, the intrinsic carrier concentration will
keep increasing and eventually reach the doping concentration,
therefore the PN junction will not work. Additionally, when
the temperature exceeds 500°C, silicon starts to show plastic
deformation under mechanical stress. Beyond 800°C, Si will
react with water and/or oxygen, resulting in the formation of
an oxide layer on its surface. These properties make tradi-
tional Si-based devices show limited feasibility of applying to
high-temperature environments. Although some of the micro-
fabricated Pirani gauges reported in the literature are made of
platinum [16], which is more compatible with high tempera-
tures, the fabrication process shows less CMOS compatibility
compared to common semiconductor-based devices and still
would be limited by the maximum operating temperature of
the Si electronics.

Silicon Carbide (SiC) is one of the most promising wide
bandgap semiconductors for the development of integrated
circuits and sensors intended for harsh environments. Com-
pared to Si, SiC possesses a much wider bandgap, and it has
a much lower intrinsic carrier concentration. As a result, SiC-
based devices suffer less from leakage current and generation
of minority carriers at elevated temperatures. For this reason,
considerable effort has already been invested to develop SiC-
based integrated circuits (ICs) aiming for high-temperature
stability [17]–[19]. For instance, D.J. Spry et al. demonstrated
a SiC IC with more than 100 transistors per chip which can
work at 500°C for over 5000 hours [19].

SiC also has excellent mechanical properties. SiC is not only
one of the hardest materials on earth, but it also has Young’s
modulus that ranges from 390 to 690 GPa while Si has Young’s
modulus of 160 GPa, therefore SiC is advantageous for the
realization of suspended structures. Thanks to the strong
covalent bond between silicon and carbon atoms (4.6 eV), SiC
is highly chemically inert making it an excellent candidate
for corrosive environment application. Pressure sensors for

Fig. 1: Schematic illustration of a MEMS Pirani gauge. It
consists of a suspended heating filament and two anchors to
support the filament. This configuration allows to translate an

amount of heat loss by the filament through the path Qgas

into a pressure.

over-pressure monitoring based on poly-SiC with maximum
operating temperature up to 800°C are reported in the literature
[20], illustrating the prospect of SiC as a harsh environment
compatible sensing material. It can be concluded that there is
potential to incorporate high-temperature sensors with high-
temperature readout electronics, eventually achieving harsh-
environment compatible smart sensors.

This paper presents the first poly-SiC based Pirani gauges,
which is meant to achieve pressure monitoring at high tem-
peratures. Surface micromachining is used as a starting point
to enable future monolithic integration with SiC CMOS tech-
nologies. A modular design is one of the objectives, enabling
tunable device performance, such as measurement range and
sensitivity. Moreover, the device design is aimed to be inde-
pendent from the substrate used, thus favoring its integration
possibilities.

II. PHYSICS & ANALYTICAL MODELLING

The key component of a Pirani gauge is a suspended
filament, of which the gaseous conduction of heat to its
environment is affected by the ambient pressure (P ). As
shown in Fig. 1, a constant current is injected into the
suspended thin filament. This causes its temperature to rise
as a result of Joule heating. A temperature distribution will
be developed over the filament after the system reaches the
thermal equilibrium. Typically, the total heat losses (Qtotal)
consist of four parts: thermal convection (Qconvection), thermal
radiation (Qradiation), thermal conduction through the anchor
parts (Qsolid) and through the gas (Qgas). Among these terms,
Qradiation and Qsolid are not related to pressure directly,
so they are both treated as constants [21]. Qconvection is
negligible because no bulk movement of gas molecules exists
at very low pressures [21]. Qgas is the thermal conduction
through the gas beneath the suspended filament and is the
only heat loss source that is pressure-dependent.

The pressure dependency can be described by Knudsen
number (Kn):

Kn =
λ

d
(1)

where λ is the mean free path of gas molecules which
increases as pressure drops, and d is the characteristic length
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of a system, which in our case corresponds to the gap size.
When Kn < 0.01, gas molecules will collide with each other
intensively. In this condition, referred as continuum regime in
fluid mechanics, Qgas gets saturated and shows no sensitivity
to pressure change.

As the pressure becomes lower, λ starts to increase and
becomes comparable to the gap size. When Kn > 1, the sensor
will enter the molecular regime, where Qgas is linear to the
number of molecules that participate in the gaseous conduc-
tion. If the pressure decreases, the number of molecules that
participate in the gaseous conduction will decrease, causing a
decrease in Qgas. Therefore, the temperature of the suspended
heater will increase until a new thermal equilibrium is reached.
The pressure drop can be transduced into a resistance change
of the filament employing the following equation:

Rfilament(P ) = R0[1 + αT̄ (P )] (2)

where Rfilament(P ) is the pressure-dependent resistance of
the filament, and R0 is the value of the resistance of the
filament measured at standard atmospheric pressure at room
temperature (usually 300 K). α is the temperature coefficient
of resistance (TCR) of the filament material. T̄ (P ) is the
average value of the temperature that exceeds the room tem-
perature. From equation (2), it can be seen that the pressure-
dependent average temperature change is needed to determine
the filament resistance. T̄ (P ) is derived by Mastrangelo et al.,
therefore Rfilament(P ) can be further expressed as follows
[1]:

Rfilament(P ) = R0[1 +
δα

ε
(1−

tanh(
√
ε l2 )

(
√
ε l2 )

)] (3)

in which,

δ =
I2bR0

λbwlz
; ε =

ηλg(P )

λbsz
− I2bR0

λbwlz
(4)

From the model, it can be seen that the dimensions (l, w, z,
and s) of the Pirani gauge determine the sensor performance.
The lower detection limit (PL) is limited by the sum of
Qconvection, Qradiation and Qsolid. At very low pressures,
Qconvection, Qradiation and Qsolid will exceed Qgas, and the
device will lose sensitivity to the pressure below that point,
despite of a large Kn. On the other hand, the higher detection
limit (PH ) is limited by the saturation of Qgas due to the
decrease in the mean free path of gas molecules. In order
to lower the PL, the area of gaseous conduction should be
increased by making the filament as long as possible. Besides,
the anchor area should be kept as small as possible to minimize
Qsolid. In such way, a large Qgas / (Qconvection + Qradiation +
Qsolid) can be obtained thus achieving a lower PL. In terms of
PH , the gap size should be minimized to make the saturation
occur at a higher pressure. Generally, the most common ways
to design a Pirani gauge with a large dynamic range are: (1)
maximize the length of the filament; (2) minimize the gap
distance between the filament and the substrate; (3) minimize
the solid contact area. However, these design rules usually lead
to a suspended filament with low stiffness.

As stated by Mitchell et al. [22] and Santagata et al.
[23], long and thin suspended heaters are more vulnerable

TABLE II: The definitions of the variables in all the equations

Symbol Physical meaning
Kn Knudsen number
λ Mean free path of gas molecules
d Characteristic length of a system
P Pressure

Rfilament(P ) Pressure-dependent resistance of the filament
R0 Initial resistance of the filament
α Temperature coefficient of resistance of filament

material
T̄ (P ) Average value of the temperature that exceeds the

environment temperature
l Length
w Width
z Thickness
s Gap size
λb Thermal conductivity of SiC
η Correction factor for the fringing heat flux

λg(P ) Thermal conductivity of air
Ib Injected current
ρ Material density
Cp Heat capacity of the material
Q Heat generation per unit volume of the medium
P0 Transition pressure
λg0 Thermal conductivity of the air at a standard

atmospheric pressure
Ta Ambient pressure
v Average velocity of gas molecules

Rfractional(P ) Fractional resistance change

to deflection brought by external interferences. As a result,
more heat is going to drain towards the substrate directly,
and therefore the sensor will have a smaller dynamic range.
In addition, putting the Pirani gauge in a high-temperature
operating environment will amplify this effect because of the
possible additional thermal buckling which can occur due to
thermal expansion of the beam [24]. In order to overcome the
buckling issue, researchers have tried different structures to
improve the stiffness of long filament, for example, the ladder
structure proposed by Mitchell et al. [22] and the tube-shaped
Pirani gauge proposed by Santagata et al. [23].

In order to design a Pirani gauge that is capable to work in
at elevated temperatures while showing high sensitivity over
a large dynamic range, a MEMS Pirani gauge based on the
micro-bridge structure in SiC is implemented. By the usage of
poly-SiC, the stiffness of the structure can be greatly enhanced.
This allows a longer and thinner Pirani gauge to be built even
without dedicated supporting structures. Another advantage
of SiC is that the tensile residual stress of the used poly-
SiC layers results in flat (non-buckled) suspended beams and
cancel out thermal expansion to some extent.

III. SIMULATION AND DESIGN

A finite element analysis (FEA) was implemented with
COMSOL to verify the analytical model in section II. To
simulate the operation of the Pirani gauge, the Joule Heating
multiphysics interface which couples the ”AC/DC” module
and the ”Heat Transfer” module was used. With the AC/DC
module, an electrical current is injected to one end of the
heater, and the other end is grounded. The resistivity at the
room temperature and the TCR of SiC are also required as
inputs of this module to determine the temperature-dependent

Authorized licensed use limited to: TU Delft Library. Downloaded on November 09,2020 at 14:53:28 UTC from IEEE Xplore.  Restrictions apply. 



1530-437X (c) 2020 EU. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2020.3019711, IEEE Sensors
Journal

4 IEEE SENSORS JOURNAL, VOL. XX, NO. XX, XXXX 2017

(thus the pressure-dependent) filament resistance. To do this,
the resistance of an electrical linewidth measurement (ELM)
structure was measured from room temperature to 200°C.
The resistivity of the poly-SiC layer is 52.39×10−3 Ω·cm.
As indicated by the linear fit in Fig. 2, the poly-SiC layer
obtained has a negative TCR of around -1770 ppm/°C in this
temperature range.

Fig. 2: The black dots show the TCR measurement result
using the ELM structure, and the red line indicates the linear

fitting result.

In the Heat Transfer module, the temperature distribution
on the filament (T ) is defined by the following equation:

ρCp · OT =
∂

∂x
(λ
∂T

∂x
) +

∂

∂y
(λ
∂T

∂y
) +

∂

∂z
(λ
∂T

∂z
) +Q (5)

where Q is the heat source. ρ, λ and Cp are density, thermal
conductivity and heat capacity of the material respectively. For
SiC, the corresponding values are 3210 kg/m3, 370 W/(m·K)
and 690 J/(kg·K). At both ends of the heating filament, the
temperature is fixed at the ambient temperature (Ta), which
serves as a boundary condition. An air block is inserted
between the heater and substrate. The pressure-dependent
thermal conductivity of the air λg(P ) is determined according
to equation (6):

λg(P ) = λg0 [
P/P0

1 + (P/P0)
]; P0 ≈

ηλg0wTa
(w + z)sv

(6)

where λg0 is the thermal conductivity of the air at a standard
atmospheric pressure. P0 is the empirical transition pressure.
v is the average velocity of gas molecules. 20 pressure points
from 0.1 Pa to 101 kPa were simulated.

The performance of a Pirani gauge (l=250 µm, w=8 µm, z
=2 µm and s=2 µm, with 600 µA biasing current) is predicted
by both the theoretical model and the COMSOL model men-
tioned above. As shown in Fig. 3, the results obtained from
FEA simulation overlap exactly to the curve predicted by the
analytical model. It can, therefore, be concluded that FEA is
in agreement with the analytical model.

Fig. 3: A comparison between the analytical result and
COMSOL simulation.

Tab. 2 summarizes geometries of Pirani gauges that were
fabricated. As shown in the table, multiple combinations of
length, width, and gap size are taken into consideration. In this
study, the thickness of the heating filament is kept constant to 2
µm. As predicted by the analytical model, different geometries
would result in different sensor performance such as dynamic
range and sensitivity. Therefore, the possibility of integrating
two or more Pirani gauges with different geometries into a
single chip would allow us to expand the measurement range.
The effect brought by different dimensional parameters can be
verified at the measurement stage.

TABLE III: Dimensional parameters of the fabricated Pirani
gauges

Length (µm) Width (µm) Gap size (µm)
250 8 0.5
250 8 1
250 8 2
250 6 2
250 10 2
250 12 2
150 8 2
500 8 2
1000 8 2

IV. FABRICATION

The process flow of the Pirani gauge is summarized in Fig.
4. Only three photolithographic steps are needed to fabricate
the device. Surface micromachining was used to create the
suspended heating filaments. First, a 300 nm Si3N4 layer was
deposited on the silicon substrate by LPCVD with a gas mix-
ture of dichlorosilane (SiCl2H2) and ammonia (NH3) at 850°C
and 20 Pa (Fig. 4a). This layer serves as an additional electrical
isolation layer between the metal and the Si substrate, and
was patterned with the same mask that will be then used for
the metal layer (Fig. 4b). On the front side of the substrate,
TEOS (tetraethyl orthosilicate) oxide was coated by means of
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a.

Si substrate SiO2

Poly-SiC Metal

Si3N4

b.

c.

d.

e.

f.

g.

h.

Fig. 4: Schematic illustration of the process steps for the
fabrication of the SiC-based Pirani gauge.

plasma enhanced chemical vapor deposition (PECVD) (Fig.
4c). This oxide layer is not only a sacrificial layer for the
release of the suspended heating filament (micro-bridge) but
also an electrical and thermal isolation layer. The thickness of
the oxide defines the gap size of the Pirani gauge. 0.5 µm, 1
µm, and 2 µm oxide layer were deposited on separate batches.
After the oxide deposition, a poly-SiC layer of 2000 nm was
deposited with SiCl2H2 (dichlorosilane), C2H2 (acetylene) as
precursor gases, and was in-situ doped with NH3 at 860°C and
80 Pa (Fig. 4d). More information on the poly-SiC deposition
process can be found in [25]. The deposited carbide layer has
a tensile stress of 403.9 MPa, which is within the specification
comparing to the result obtained by Bruno et al. Subsequently,
a patterning step was conducted to define the suspended micro-
bridge structure and the anchor area (Fig. 4e).

Then, a metal layer was sputtered (Fig. 4f) and patterned
(Fig. 4g) to form the metal lines and pads for electrical
measurement. Aluminum (Al) and titanium (Ti) were used
as metallization materials. Earlier research showed that these
metals will form an ohmic contact to the doped poly-SiC
layers employed in this work [5], [26], [27]. A post-deposition
annealing process in a nitrogen environment was followed to
relieve the strain and improve the contact property at the metal-
semiconductor interface. Finally, the sacrificial oxide layer was
etched away to release the micro-bridge (Fig. 4h). In order to
avoid any stiction caused by the capillary forces during a wet
releasing step, vapor HF was used.

The longest Pirani gauge that was fabricated had a length of
1000 µm. Although this geometry is in principle most likely
to show the highest deflection between the different designs,

it can be seen from Fig. 5 that the realized 1000 µm does not
show any deflection after realization.

Fig. 5: Distance between the top surface of the micro-bridge
and Si substrate along the beam. The orange arrows indicate

the position of the cross-section.

V. RESULTS AND DISCUSSION

Fig. 6: Measurement setup used for calibration [28]. The
setup contains a MPS, a mass flow controller, a temperature

controller and a vacuum pump.

A. Measurement Setup
A dedicated measurement setup for calibrating Pirani

gauges is built as shown in Fig. 6. The setup is able to provide
a low-pressure environment with values ranging from 10 Pa to
atmospheric pressure. The controller of this setup can change
the pressure in steps of 500 Pa while the internal pressure
sensor has a resolution of 10 Pa. The micro-fabricated Pirani
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Fig. 7: The pressure profile for the calibration (blue curve)
and the output voltage of the reference Pirani gauge as a

function of pressure (black dots).

gauges are calibrated by using the pressure values from the
internal pressure gauge.

The setup also contains a microprobe station (MPS) which
is equipped with four-probe needles. These probe needles are
connected to a source meter (Keithley 2612B) to measure the
resistance of Pirani gauges. A hotplate is also integrated with
the probe station and is able to create a hot surface up to
750°C.

When calibrating a Pirani gauge, the device is put in the
MPS where a certain vacuum is created. Below 20 kPa, the
pressure increment was 500 Pa, because the sensitivity of the
realized gauges is larger in this pressure regime. As for 20-30
kPa and 30-100 kPa, the pressure step was set as 2000 Pa and
5000 Pa respectively. In total, there were 60 pressure set-points
used for calibration. For each of the points, the measurement
was paused for 200 s so that the pressure in the micro-chamber
can fully stabilize whereafter the electrical measurement is
performed. The pressure profile for calibration is shown by
the blue curve in Fig. 7.

B. Dimensioning of the Pirani gauge

As stated in Mastrangelo’s model, dimensional parameters
play a significant role in the performance of the sensor. To
study the effect of the variation in the geometry on the
performance, a Pirani gauge with a length of 250 µm, a width
of 8 µm, a thickness of 2 µm and a gap size of 2 µm is taken
as a reference device. The performance of the reference gauge
was measured and was compared to the performance of gauges
with other dimensions. The reference device was biased with
a constant current of 600 µA. The calibration curve of the
reference device is plotted in Fig. 7. The gauge resistance
ranges from 4978.3 Ω to 6060.0 Ω from the lowest pressure
set-point of 10 Pa up to 100 kPa, which corresponds to a
maximum resistance deviation of 17.8 %. The Pirani gauge
shows a response to the pressure change without hysteresis, as

(a)

(b)

(c)

Fig. 8: The calibration curves for device with different (a)
lengths; (b) widths; (c) gap sizes comparing to the reference

device. The scattered points represent experimental data,
while continuous curves represent fitted data.
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indicated by the symmetrical shape of the calibration curve in
Fig. 7. The performances of the gauges with other dimensions
are demonstrated in Fig. 8. In this figure, the scattered data
points are obtained with the measurement setup, and the
continuous curves are fitting curves based on equation (3)
according to the experimental data. From the fitting data, the
reference gauge has the highest sensitivity of 0.47 Ω/Pa at
around 10 Pa.

Fig. 8a shows the performance of gauges with different
lengths. Since Pirani gauges with various dimensions have
different initial resistance, the output resistance is expressed
with the factional resistance change Rfractional(P ) as shown
in equation (7). With increasing length, the calibration curve
shifts towards the left because Qgas takes a larger proportion
in the total heat transfer. As a result, the longer gauge has
a smaller PL. From 150 µm to 1000 µm, the maximum
sensitivity increases from 0.13 Ω/Pa to 16.76 Ω/Pa. It is worth
noting that the maximum sensitivity of each gauge locates at
10 Pa, which implies that the gauge is still sensitive below 10
Pa.

Rfractional(P ) =
R0 −Rfilament(P )

R0
× 100% (7)

Fig. 8b shows the impact of the width variations. The
reduction of the heater width only causes a slight left shift of
the calibration curve. Despite a larger width increases Qgas,
the solid contact between the filament and the anchor region
also increases with the width, causing Qsolid to increase with
the same order. Therefore, the dynamic range of gauges with
different width does not vary too much. However, due to the
increase in the heat exchange surface, the wider gauge is less
power-efficient. For example, the narrowest gauge (w=6 µm)
and the widest gauge (w=12 µm) have initial resistances of
8591.5 Ω and 3771.1 Ω, and are biased with a current of 424
µA and 965 µA respectively. As shown in Fig. 8b, both of
them have a similar fractional resistance change of around 17.8
%, while the narrowest gauge consumes 56.2 % less power
than the widest gauge.

Devices with different gap sizes (0.5 µm, 1 µm, and 2 µm)
were measured. As can be seen from Fig. 8c, the device with a
smaller gap (blue curve) tends to saturate at a higher pressure.
In general, the experimental results align with the prediction of
the analytical model qualitatively: longer beam will have larger
sensitivity in low pressure range, and the gauge with smaller
air gap has larger sensitivity near the standard atmospheric
pressure. However, numerically, the experimental results do
not match the analytical results. From the measurement, the
reference gauge shows a 17.8 % fractional resistance change,
while the analytical model and COMSOL simulation both
predict only 0.16 % of fractional resistance change. The reason
for the discrepancy could be that the material properties of
poly-SiC reported in the literature which used as inputs of the
analytical model, such as thermal conductivity, are different
from the material properties of SiC we deposited.

(a)

(b)

Fig. 9: The calibration curve of devices (l=1000 µm, w=8
µm, z=2 µm and s=2 µm) (a) with Al pads from 25°C to
500°C; (b) with Ti pads from 550, 650 and 750°C. The
sensitivity decreases as temperature rises. The scattered

points represent experimental data, while continuous curves
represent fitted data.

C. High-temperature Characterization

The micro-fabricated Pirani gauges were characterized at
different temperatures to examine the high-temperature perfor-
mance. The longest Pirani gauge (1000 µm) was used for the
test because it is most likely to experience a buckling among
all the geometries. First, the Pirani gauges with conventional
Al metallization was measured. The measurement was carried
out from 25°C to 500°C in steps of 50°C. The calibration
curves are plotted in Fig. 9a. As the temperature increases,
the fractional resistance change reduces and the maximum
sensitivity decreases from 17.63 Ω/Pa at 25°C to 6.15 Ω/Pa at
500°C, which results from the decrease in the material TCR
at an elevated temperature.
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For characterization beyond 500°C, the realized devices
with Ti metallization were measured. The reason for this is
the higher melting point of Ti of 1668°C compared to 575°C
for Al with 1 % Si. Additionally, Ti has a work function of
4.33 eV, which is similar to Al (4.06-4.26 eV). As reported in
[26], [27], Ti is able to form an Ohmic contact with SiC and
is less reactive and more compatible with high-temperature
environments. The measurement results at 550, 650, and
750°C are given in Fig. 9b. Even at these temperatures, the
device demonstrates a repeatable response to pressure change.
The maximum sensitivity can still be obtained at 10 Pa, which
is 1.35 Ω/Pa at 550°C, 1.23 Ω/Pa at 650°C, and 0.81 Ω/Pa at
750°C. To the best of authors’ knowledge, this is the first
time that the operating temperature of the Pirani gauge has
been pushed to such a high temperature.

VI. CONCLUSION

This work reports on the realization of a CMOS compatible
vacuum gauge operating at elevated temperatures. A MEMS
Pirani gauge in SiC is fabricated with surface micro-machining
technique by means of a three-mask process. The use of
SiC combines favorable properties such as a useful TCR,
high mechanical stiffness, and compatibility with high tem-
peratures and harsh environments. The realized Pirani gauges
can achieve a length of 1000 µm without any mechanical
supporting structure to prevent buckling. At room tempera-
ture, the gauge with reference geometry showed a maximum
sensitivity of 0.47 Ω/Pa and a fractional resistance change
of 17.8 %. High-temperature characterization on the 1000
µm long beam revealed the desired operation even up to a
maximum temperature of 750°C, with a maximum sensitivity
of 0.81 Ω/Pa. These results further illustrate the potential of
poly-SiC Pirani gauges for applications at high temperatures
and in harsh environments. However, at 750°C, the filament
resistance of some devices increased while the pressure was
decreasing. The future work will include a closer investigation
into the undesired device performance beyond 750°C. In such
an analysis the temperature dependency of the TCR, the
possible buckling and radiative losses at high temperatures
need carefully to be taken into account.

The future outlook of this work is to be integrated with
state of the art SiC CMOS technologies to achieve an all-SiC
monolithically integrated MEMS + ASIC platform. In order to
achieve this, the process flow of this poly-SiC MEMS sensor
should be integrated into the back-end of line processing of
the SiC CMOS process, where thermal budget, metallization,
contamination and passivation aspects need to be considered.
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