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Abstract
The operating principle of Pirani pressure sensors is based on the pressure dependence of a
suspended strip’s electrical conductivity, caused by the thermal conductance of the surrounding
gas which changes the Joule heating of the strip. To realize such sensors, not only materials with
high temperature dependent electrical conductivity are required, but also minimization of the
suspended strip dimensions is essential to maximize the responsivity and minimize the power
consumption. Due to this, nanomaterials are especially attractive for this application. Here, we
demonstrate the use of a multi-layer suspended graphene strip as a Pirani pressure sensor and
compare its behavior with existing models. A clear pressure dependence of the strip’s electrical
resistance is observed, with a maximum relative change of 2.75% between 1 and 1000 mbar and
a power consumption of 8.5 mW. The use of graphene enables miniaturization of the device
footprint by 100 times compared to state-of-the-art. Moreover, miniaturization allows for lower
power consumption and/or higher responsivity and the sensor’s nanogap enables operation near
atmospheric pressure that can be used in applications such as barometers for altitude
measurement. Furthermore, we demonstrate that the sensor response depends on the type of gas
molecules, which opens up the way to selective gas sensing applications. Finally, the graphene
synthesis technology is compatible with wafer-scale fabrication, potentially enabling future chip-
level integration with readout electronics.

Supplementary material for this article is available online

Keywords: graphene, microelectromechanical systems (MEMS), microsensors, Pirani pressure
sensor, pressure sensors, sensor miniaturization

(Some figures may appear in colour only in the online journal)

1. Introduction

Pressure sensors, made using microelectromechanical systems
(MEMS) technology, are widely used in integrated systems

and as a consequence there is a constant drive for higher
responsivity, lower power consumption, extended operating
range and reduced footprint. Historically, integrated circuits
have scaled down in size, according to Moore’s Law, while at
the same time increasing computational speed. Nowadays,
Moore’s Law has developed into the concept of more than
Moore, which demands more functionality in integrated solu-
tions [1]. This trend also drives sensor requirements towards
better sensitivity, smaller dimensions and lower power.
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The Pirani pressure sensor is an often used architecture as
it is an attractive design approach for its small size, simplicity,
and most importantly robustness, as no moving parts, accurate
deflection readout or hermetic cavity are required. The gen-
eral Pirani architecture is illustrated in figure 1(a), with a top-
view in 1(b) indicating the bridge length(L) and width(W)
along with electrical connections for 4-point resistance mea-
surements. The gap size determines the Knudsen’s number
and therefore the pressure operating range of the device [2]
(see supporting information available online at stacks.iop.
org/NANO/32/335501/mmedia) and historically, Pirani
pressure sensors mostly operate at low pressure conditions.
However, tuning the gap size below~300 nm allows operation
at ambient pressure [3, 4], enabling a wider range of appli-
cations such as barometers for altitude measurements.

The proven analytical Pirani sensor model [2, 5] dictates
that the suspended strip’s electrical conductivity depends on the
Joule heating and the temperature coefficient of resis-
tance(TCR) of the strip material. Within the operation region
determined by the gap, the suspended strip’s temperature
depends on the thermal conductivity of the surrounding gas. The
gas temperature is considered constant, leaving the gas com-
position and pressure as the dominant parameters determining
the thermal conductivity of the gas. According to Mastrangelo
and Muller [6], the temperature in a Joule heated suspended strip
is proportional to the factorδ, which is given by

d
k

=
I R

WLt
, 1b

b

2
0 ( )

whereIb is the forced electric current through the conductive
bridge, R0the bridge resistance at ambient temperature and
pressure, kb the bridge thermal conductivity andW, Land
tthe bridge width, length and thickness, respectively.
Maximizingδ, also maximizes the average temperature
increase of the suspended strip, which in turn maximizes the
change in electrical resistance. According to equation (1),
the factorδ is inversely proportional to the suspended strip
dimensions. Typical state-of-the-art Pirani implementations

have bridge dimensions of 100 μm×200 μm or larger, are
thicker than several hundreds of nm and have a power
consumption of ∼1 mW or more [4, 7–12].

Graphene, a single layer sheet of sp2 bonded carbon
atoms, was first isolated in 2004 by Geim and Novoselov
using scotch-tape exfoliation from a graphite crystal [13, 14].
It is an extremely attractive material for various types of
MEMS devices and sensors [15–17], due to its high mobility
[18], large specific surface area and low electric noise [19].
Pressure sensors based on graphene include a squeeze-film
[15], piezoresistive [20, 21], osmometer([22]) and nanodrum
[23] pressure sensor. Even multi-layer graphene (MLG) is
still orders of magnitude thinner than traditional layers used in
state-of-the-art Pirani pressure sensors [4, 7–12]. Therefore,
graphene offers tremendous possibilities for miniaturizing the
Pirani sensor and at the same time increase its sensitivity. The
footprint decrease offers exciting integration possibilities,
especially since the graphene synthesis potentially allows
integration with CMOS technology on wafer scale [24].

In this work, we demonstrate a graphene-based Pirani
pressure sensor that is not only pressure but also gas depen-
dent. Furthermore, we have been able to model the response
of the sensor using the analytical Pirani pressure sensor
model. The device is highly miniaturized, while retaining
sensitivity and power consumption that is comparable with
state-of-the-art. The nanogap allows for near atmospheric
pressure operation and the selective and the used transfer-free
fabrication technology is scalable, enabling future wafer-scale
fabrication of the devices.

2. Experimental

2.1. Device description

The graphene-based Pirani pressure sensor [25] is imple-
mented by a∼8nm suspended MLG strip, that is grown using
a selective and transfer-free CVD fabrication method [26].
This method encompasses the sputter deposition of a thin-film

Figure 1. Pirani pressure sensor architecture (a) overview and (b) top view. The suspended conductive multi-layer graphene bridge (blue)
over a cavity in silicon oxide (green) is the sensing element. Metal traces (yellow) form a structure suitable for 4-point measurements and are
marked accordingly.
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of Mo on top of thermally grown SiO2 on the target wafer,
which is then selectively patterned through dry etching with
SF6 through a photoresist mask. Graphene is then selectively
deposited on the Mo catalyst through Ar/H2/CH4 at 1000 °C
and 25 mbar in an AIXTRON BlackMagic Pro. The MO
catalyst layer is removed after the CVD of graphene in a
phosphoric acid solution, with the graphene directly sticking
to the SiO2 below. The cavities are etched into a 600 nm
SiO2 layer on a silicon substrate after graphene growth
(figure 2(a)), resulting in a gap of∼600 nm. The graphene
is electrically contacted using chromium/gold (Cr/Au),
10/100 nm electrodes, to facilitate 4-point measurement of
the electrical resistance (figures 1(a) and 1(b)).

The DC characteristics (see figure 8 in the supporting
information) of the graphene strips at different temperatures
show excellent linearity, from which the graphene TCR is
determined to be (−3.6± 0.5)×10−4 K−1, which matches
literature [27]. The geometry and electrical resistance para-
meters of the samples used in this work are listed in table 1.
Due to fabrication limitations, the metal connections are not
implemented directly at the edge of the cavity (as shown in
figure 1(b)). As a result, the total resistance of the Pirani
gauge is the sum of the resistances of the non-suspended and
suspended parts of the graphene bridge, as illustrated in
figure 2(b).

2.2. Pressure dependent measurements

The electrical resistance of different graphene devices as a
function of gas pressure is depicted in figure 3(a), over a
pressure range from10 mbar to atmospheric pressure. The
electrical resistance change is normalized by

D =
-

´R p
R p R

R

0

0
100. 2( ) ( ) ( )

( )
( )

An upward and downward gas pressure sweep is per-
formed and plotted in figure 3(a). As expected, no pressure
dependence is observed for non-suspended strips, while sus-
pended strips display a resistance change as function of the
gas pressure. The devices are most responsive close to
atmospheric pressure and the maximum measured change in
resistance between 10 and 1000 mbar is ∼2.75% at a power
consumption of 8.5 mW for the highest aspect ratio samples.

Furthermore, the pressure dependence for different gas
species is measured. The results of a selection of gas com-
positions is given in figures 3(b) and 3(c) for the 3x6A
device. The range in which the devices are responsive is
similar to figure 3(a), which is expected as it is governed by
the device its gap size. Clear variations are observed between
the pressure dependent electrical resistance in different gases.
For example, where helium gas shows a particularly large
resistance change, krypton shows a particularly low resistance
change. These differences are attributed to the molar mass,
and associated variations in the thermal conductivity of the
gases, that affect the temperature of the graphene nanobridge.
In the next section we will analyze these differences in more
detail.

2.3. Gas dependent Pirani response

To get a better insight in the gas dependent measurement in
figure 3, the curves are fitted by the before mentioned ana-
lytical model for Pirani sensors [5, 6]. The physical approx-
imation of the pressure dependent average temperature
increase u p¯ ( ) is modeled here by

k
= -u p

U L

R Wt a x

a x

a x4

1
1

tanh
, 3

b

2
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2
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⎞
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where the known parameters are the bias voltageU, the
bridge lengthL, widthW, thicknesst and the resistance at the
lowest pressure before starting the sweepR0. This leaves an
arbitrary pressure data vectorx, fitting parameter a and the
thermal conductivity of the suspended graphene strip kb. The
pressure dependent average temperature increase is calculated
by

x
= -u p

R p

R

1
1 , 4

0

⎜ ⎟
⎛
⎝

⎞
⎠

¯ ( ) ( ) ( )

where ξ is the graphene TCR, R(p) the pressure dependent
measurement of the graphene bridge electrical resistance and
R0 the bridge electrical resistance at low pressure. The fitting
results are depicted in figure 4, including the two device
geometries and different gases(nitrogen, CO2, argon, kryp-
ton, air, helium, neon, CF4, SF6 and oxygen). The fit para-
meters are extracted from the fit, as discussed in the
supporting information, which results in a graphene thermal
conductivitykb in the range of 2–5×103Wm−1 K−1. These
values are in close correspondence to literature [28].

The results clearly show that the response from the
2×5 μm device is about 2.5 times larger than that of the
3×6 μm device. The different gases result in similar pres-
sure dependency results, though from the responses the dif-
ferent gases can be distinguished. Especially helium, neon
and krypton exhibit distinct responses.

The device’s pressure sensitivity is deduced from the
fitted curves (see figure 7 in the supporting information) and
has maximum sensitivity around0.6–1 bar. From equation (3)
it is deduced that high aspect ratio devices (long and narrow
bridges) result in a larger average temperature increase, which
implies a higher sensitivity. The maximum values for the
sensitivity are∼2.5 %/dec and ∼1.1 %/dec for geometries of
2×5 μm and 3×6 μm respectively. In comparison, an
overview of reported nano and micro Pirani devices is given
in table 2. The maximum sensitivity of krypton, helium and
neon deviates from the reported pressure range. This complies
with the work ofJousten on the effect of different gases on
Pirani gauge readings [29], where corrections for neon and
helium were opposite to the correction for krypton.

3. Discussion and conclusions

In this work we have demonstrated a nanogap graphene Pirani
pressure sensor and studied the effect of pressure, geometry
and different gases on the sensor response. Important
advantages of the Pirani concept with respect to conventional

3
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membrane based pressure sensors are its small size, without
moving parts and without the need for a hermetic seal. It is
highly miniaturized compared to state-of-the-art imple-
mentations, while achieving similar sensitivity values. Fur-
thermore, different gases can be identified by the Pirani
sensor, enabling gas sensing applications. The maximum
measured sensitivity of the device is ∼2.5 %/dec, which is
comparable to state-of-the-art Pirani pressure sensors while
using a using a 100 times smaller suspended strip area.

The maximum electrical resistance change over the full
pressure range that was achieved was 2.75%, which competes
with traditional Pirani pressure sensors. For comparison, a
negligible pressure dependence of non-suspended graphene
strips was observed. The measured response is fitted to an

Figure 2. Fabricated graphene-based Pirani pressure sensor(a) and composition (b) of the reported pressure dependent resistanceR(p)
including two constant termsRA that include the non-suspended graphene strip and a pressure depended suspended stripRS(p).

Table 1. The 4-point electrical resistance of the graphene strips used
in this study. The total length of all graphene strips is equal. The
reported geometries concern only the suspended part of the graphene
strip. Samples REF2-3 are non-suspended strips used as reference.
Joule heating of the strip was kept to a minimum during the
resistance measurement which was performed at atmospheric
pressure.

Sample Strip width Bridge length Resistance

2x5 A 2 μm 5 μm 6.48 kΩ
2x5 B 2 μm 5 μm 6.57 kΩ
3x6 A 3 μm 6 μm 5.87 kΩ
3x6 B 3 μm 6 μm 5.87 kΩ
REF2 2 μm N/A 10.21 kΩ
REF3 3 μm N/A 5.66 kΩ

4
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Figure 3. Pressure dependence measurement results of the electrical
resistance (a) for both suspended and non-suspended graphene strips
of different geometries in nitrogen and (b), (c) for different gas
species and device 3x6 A. Both upward ‘!’ and downward ‘"’
pressure sweeps are performed and the average is drawn as a solid
line. The resistance R0 is defined at the lowest pressure in the
graph before starting with the upward sweep.

Figure 4. Fitting results in extended range showing the full
characteristic curve of (a) two device geometries in nitrogen and (b),
(c) for different gases and device 3x6 A. Both upward ‘!’ and
downward ‘"’ pressure sweeps are performed and the fit is drawn as
a solid line. The resistance R0 is defined at the lowest pressure in the
graph before starting with the upward sweep. The dashed vertical
lines project the predicted operating range (supporting information).
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analytical model for Pirani pressure sensors. From the
fitting results, values for the thermal conductivity of
2–5×103Wm−1 K−1 are found, which corresponds well
with values reported in literature.

The strong miniaturization, sensitivity at atmospheric
pressure, different response for different gases, low-power
and potential CMOS integration, allow for exciting future
applications. The Pirani sensor can enable applications like
system-on-chip (SoC) barometers for altitude measurement
and gas identification sensing. To improve the graphene-
based Pirani structures, the sensitivity can be improved by
reducing the amount of non-suspended graphene that is
required for forming electric contacts. Furthermore, the power
consumption could further be reduced by implementing lower
defect graphene, which typically has a lower sheet resistance.
Finally, the fabrication method is scalable, which enables
wafer-scale production of the graphene Pirani sensor.

4. Methods

The graphene TCR is obtained from sheet resistance results of
non-suspended graphene strips of three different geometries.
Wafer-scale measurements were performed on 52 chips in a
semi-automatic probe station with the capability of control-
ling the chuck temperature. The average sheet resistance is
obtained for each temperature step, relative to the starting
temperature of 60 °C.

The measurement setup [25] used to detect the electrical
resistance as function of gas pressure includes a vacuum
chamber with mounted sample and electrical feedthroughs
connected to the source and measurement unit (Keysight
B2901A SMU), which performs 4-point current and voltage
measurements on the sample. A Rigol DP832A voltage
source pump controller, Proportionair PA2254 dual-valve
pressure controller and Keithley 199 pump read-out, con-
nected to a gas source, regulate the pressure inside the
chamber. The sample remains equally biased during the
chamber pressure adjustments, reducing variations in self-
heating of the graphene strip.
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