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A MicroPirani Pressure Sensor Based on the
Tungsten Microhotplate in a Standard CMOS Process

Jiaqi Wang, Zhenan Tang, Member, IEEE, Jinfeng Li, and Fengtian Zhang

Abstract—This paper reports a tungsten microhotplate fabri-
cated in a standard CMOS process and the implementation of
a MicroPirani pressure sensor with it. A monolithic constant-
current circuit including an operational amplifier is used to bias
the tungsten microhotplate to measure the gas pressure. The
sensor shows a linear response to the gas pressure in the range
of 1–100 Pa when driven by a constant current of 7 mA. In this
regime, the sensitivity of the sensor is 0.23 mV/Pa, the linearity
is 4.95%, and the hysteresis is 8.69%. The MicroPirani pressure
sensor in this paper can be used in a medium-vacuum measure-
ment. Because tungsten in a standard CMOS process has a large
temperature coefficient regardless of the different manufacturing
processes, the design of the tungsten microhotplate can be applied
to other thermal-based sensors, even in different standard CMOS
processes.

Index Terms—CMOS pressure sensor, microelectromechanical
systems (MEMS), pressure sensor, tungsten microhotplate.

I. INTRODUCTION

THE DEVELOPMENT of micromachining technology has
led to various microelectromechanical systems (MEMS)

devices, such as the optical attenuator [1] and the pressure
sensor [2]. The Pirani pressure sensor is a thermal-conductivity-
type vacuum sensor. Its operation principle is based on the
fact that the heat loss of a hotplate to its ambient through gas
conduction is proportional to the molecular density of gas in
a vacuum system [3]. Many MicroPirani pressure sensors have
emerged based on MEMS technology [4]–[7]. They are widely
used in vacuum testing, such as in micro vapor-jet pump [8]
and MEMS vacuum package [9]. These MicroPirani pressure
sensors can provide not only a wider measurement range but
also a better sensitivity with lower power consumption. The
manufacturing yields of these sensors are also excellent [10].
CMOS-compatible MicroPirani pressure sensors usually em-
ploy a surface-micromachined polysilicon microhotplate as the
sensing component [11], [12]. In a standard CMOS process, a
sandwich structure is fabricated to form the polysilicon micro-
hotplate. The lower polysilicon layer is etched as a sacrificial
layer to form the suspended gap. The upper polysilicon layer is
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used as the heating and the temperature measurement resistor
for the microhotplate.

The thickness, resistivity, and temperature coefficient of the
polysilicon may vary in different CMOS processes, thus largely
affecting the microhotplate design. For instance, the different
temperature coefficients of the polysilicon have an effect on the
measurement precision of the temperature. More importantly,
with the developing manufacturing technology of the integrated
circuits, the polysilicon will have a smaller temperature coeffi-
cient to meet the demands of the integrated circuit technology.
However, the measurement precision of the temperature for the
polysilicon microhotplate is greatly limited by a small tem-
perature coefficient. The worst situation is that the polysilicon
may be unsuitable for the design of the microhotplate if more
advanced manufacturing technologies are adopted, thus greatly
limiting the development of CMOS-compatible MicroPirani
pressure sensors.

Therefore, it is necessary to design MicroPirani pressure sen-
sors that can be compatible with any standard CMOS process.
Paul et al. presented a MicroPirani pressure sensor with a
microhotplate whose heating resistor was a meander-shaped
aluminum thin film [13], [14]. However, aluminum is prone
to suffer from a reliability problem known as electromigration.
Furthermore, the melting point of aluminum is low. Puers et al.
described a NanoPirani pressure sensor employing a tungsten
microbridge which needed some more complicated manufac-
turing processes [15]. This paper presents a MicroPirani pres-
sure sensor based on the tungsten microhotplate fabricated
in a standard CMOS process. Tungsten (including the barrier
metals, such as titanium and titanium nitride) is usually used as
the plug material in a standard CMOS process. It is not only
resistant to electromigration failure but also has a high melting
point. A monolithic constant-current circuit including an op-
erational amplifier is used to bias the tungsten microhotplate
to measure the gas pressure. The measurement results show
that the sensor based on the tungsten microhotplate has a good
response to the gas pressure, particularly from 1 to 100 Pa.

The basic principle of the MicroPirani pressure sensor is
introduced in Section II. Section III addresses the fabrication
and the characterization of the tungsten microhotplate. The
measurement results of the MicroPirani pressure sensor are
presented in Section IV, and Section V concludes this paper.

II. BASIC PRINCIPLE OF MICROPIRANI PRESSURE SENSOR

BASED ON THE MICROHOTPLATE

A schematic drawing of the MicroPirani pressure sensor
based on the microhotplate is shown in Fig. 1. Its working
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Fig. 1. Schematic drawing of the MicroPirani gas pressure sensor.

principle is based on the fact that the heat loss of a hotplate to
its substrate through gas conduction is a function of gas thermal
conductivity. Depending on the Knudsen number (Kn = l/d,
where l is the mean free path of a gas and d is the char-
acteristic dimension of the domain), the regimes of the gas
are generally classified as continuum (Kn < 10−2), slip flow
and temperature jump (10−2 < Kn < 10−1), or transitional
(10−1 < Kn < 1) and molecular (Kn > 1). In each of these
regimes, the gas thermal conductivity has different dependence
on the gas pressure [16] and characteristic distance. The gas
thermal conductivity for the microhotplate can be calculated as
[17], [18]

kgas(p) = kgas(∞)
(

p

p + p0

)
(1)

kgas(∞) = kgas(1 atm)
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where kgas(1 atm) represents the gas thermal conductivity at
1 atm, kgas(∞) is the continuum limit, w and t are the width
and thickness of the heater, respectively, s is the height of the
suspended gap, λref is the mean free path of the gas at 1 Pa with
the value of 8.11 × 10−3 m, T is the average temperature of the
gas, and γ is the ratio of specific heat of gas at constant pressure
to specific heat at constant volume with the value of 1.4. The
value of β is 0.818, and that of Λ0 is 1.16 W/(m2 · KPa).
Fig. 2 shows the relations between the gas thermal conductivity
and the suspended gap under different gas pressures, according
to (1)–(5). The gas thermal conductivity relates to the gas
pressure, while it also strongly depends on the suspended gap
and has a microscale effect. The shorter the height of the
suspended gap is, the smaller the gas thermal conductivity is.

The pressure-dependent heat conduction to the substrate
combined with the resistive self-heating leads to a pressure-
dependent temperature profile in the microhotplate. This can
be quantified by measuring the electrical resistance of the
microhotplate, since the material’s resistivity is temperature
dependent [15]. In a typical application, the microhotplate is
electrically heated with a bias current that generates an electri-
cal signal representative of the absolute gas pressure [11].

Fig. 2. Relations between the gas thermal conductivity and the suspended gap
under different gas pressures.

III. FABRICATION AND CHARACTERISTICS

OF TUNGSTEN MICROHOTPLATE

Tungsten has been traditionally used as a plug material
to form via pathways between various metal layers and the
silicon substrate because of its ability to uniformly fill the high-
aspect-ratio vias when deposited by chemical vapor deposition
methods. Tungsten is resistant to electromigration failure. It
also serves as a barrier to inhibit diffusion and reaction between
silicon and the first metal layer [19].

In our design, the tungsten microhotplate is implemented
in 0.5-μm CMOS process that features two polysilicon layers
(Poly1 and Poly2) and three metal layers (Metal1, Metal2, and
Metal3). The metal plug between Metal1 and Metal2 is tung-
sten, and the one between Metal2 and Metal3 is aluminum. In
the design of the tungsten microhotplate, tungsten is employed
as the heater in the form of serpentine resistor instead of via
plug. The anchors of the tungsten resistor are connected to
Metal2, leaving Metal1 unconnected. A 0.34-μm-thick Poly2
is used as a sacrificial layer below the tungsten microhotplate
[20]. The etch windows of the tungsten microhotplate are
opened during bonding-pad patterning in a standard CMOS
process, as shown in Fig. 3(a).

Fig. 3(b) shows that the etch windows and the bonding
pads are etched simultaneously during the bonding-pad etch-
ing process and that Poly2 is exposed. At last, in Fig. 3(c),
Poly2 is removed to suspend the tungsten microhotplate by
an improved TMAH etching method which does not etch the
exposed aluminum pads [21]. Before starting the process, the
new aluminum layer is sputtered at the backside of the die to
prevent etching from the backside. About 8 h is required to re-
move the sacrificial layer in TMAH. Fig. 4(a) and (b) shows the
microscope and SEM photographs of the tungsten microhot-
plate, respectively. The tungsten microhotplate with a square
area of 40 μm × 40 μm is suspended by four beams which
have a length of 30 μm and a width of 15 μm. The width of
the tungsten resistor is 0.8 μm. The suspended gap between the
tungsten microhotplate and the substrate is 0.34 μm.

Fig. 4(c) and (d) shows three tungsten resistors fabricated
with different dimensions to test the sheet resistance of tung-
sten. The ratios of length to width (L/W ) of these resistors
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Fig. 3. Schematic of cross sections for the tungsten microhotplate fabrica-
tion processes. (a) Tungsten resistor implemented and etch-window opening.
(b) Etch-window etching. (c) Tungsten microhotplate suspending.

are 400 μm/2 μm, 200 μm/5 μm, and 100 μm/10 μm,
respectively. There are six dies that we have measured. The
results are shown in Fig. 5. The sheet resistance of tungsten
in the manufacturing process is also estimated to be 0.15 Ω/�
for a tungsten via plug whose L/W is 1 μm/0.5 μm, and its
resistance is 0.3 Ω. With the same dimension, the sheet resis-
tance of tungsten is uniform. However, considering the different
dimensions, the sheet resistances could significantly change.
The narrower the resistor is, the smaller the sheet resistance is.
The reasons may lie in two factors. First, the tungsten layer is
a composite one consisting of tungsten, titanium, and titanium
nitride which all affect the sheet resistance. Second, the width
deviation of each resistor should be considered, particularly
for the narrow ones which would have relatively large width
deviations.

Tungsten resistors have been encapsulated in the standard IC
package and exposed to temperatures ranging from 35 ◦C to
150 ◦C. Resistance and temperature are recorded every 5 ◦C.

Fig. 4. Fabricated microstructures. (a) Microscope photograph of a tungsten
microhotplate. (b) SEM photograph of a tungsten microhotplate. (c) Tungsten
resistor with an L/W of 200 μm/5 μm. (d) Tungsten resistors with L/W ’s of
400 μm/2 μm and 100 μm/10 μm, respectively.

Fig. 5. Sheet resistance of tungsten resistors.

The results are shown in Fig. 6. The temperature coefficient of
tungsten is about 1.5 × 10−3/◦C.

A current source (Keithley 2400) provides a constant current
to the resistor of the tungsten microhotplate, and the voltage
drop across the resistor is measured. Temperature is determined
from the measured resistance with the temperature coefficient
of the resistance. Heating power can be calculated from the cur-
rent and voltage measured. Then, a linear curve fit is applied to
the power versus temperature data to extract thermal impedance
that is the slope of the linear curve [17], as shown in Fig. 7. The
value of the thermal impedance of the tungsten microhotplate
is about 17 ◦C/mW.

IV. MEASUREMENT OF THE MICROPIRANI

PRESSURE SENSOR

The MicroPirani pressure sensor is driven by a constant-
current circuit, which has a good response to the low gas
pressure. Due to the large temperature coefficient of tungsten,
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Fig. 6. Temperature coefficient of tungsten resistors.

Fig. 7. Thermal impedance (slope) of the tungsten microhotplate.

Fig. 8. SEM photograph of the MicroPirani sensor.

the output of the constant-current circuit can provide a wide
measurement range.

The monolithic operational amplifier is designed and con-
figured in a constant-current circuit. Fig. 8 shows a SEM

Fig. 9. Constant-current circuit for the sensor.

Fig. 10. Measurement results of the MicroPirani pressure sensor based on the
tungsten microhotplate, with the gas pressure ranging from 1 to 105 Pa.

photograph of the MicroPirani sensor, including the tungsten
microhotplate and the operational amplifier.

Fig. 9 is the schematic of the constant-current circuit. R1 is
the tungsten resistor in the microhotplate, and R2 is the external
reference resistor. Vref is the external reference voltage. Vout is
the output voltage, as shown in

Vout = Vref

(
1 +

R1

R2

)
. (6)

The output of the amplifier reflects the resistance variation
of R1. The resistance of R1 increases as the gas pressure
decreases. Thus, the output voltage increases as the gas pressure
decreases.

The value of R1 is 230 Ω, and Vref is 1.25 V in the measure-
ment. By adjusting R2, we can obtain the proper current which
not only ensures a good performance of the pressure sensor
but also avoids the microhotplate in the low gas pressure to be
destroyed. The bias current is 7 mA in the measurement. The
vacuum system used for the measurements is available in the
pressure range from 0.1 Pa to atmosphere. The sensor is fixed
in the cylindrical chamber, and the measurement procedure is
divided into two steps. First, the gas pressure is decreased from
atmosphere to 0.1 Pa. Second, when the gas pressure of the
vacuum system is below 1 Pa, the pump is isolated, the gas
slowly bleeds into the chamber to the desired pressure, and
then, the real-time output voltage of the circuit is recorded with
a personal computer using an A/D card. The results are shown
in Figs. 10 and 11. In Fig. 10, as the gas pressure changes from
1 to 105 Pa, the output voltage changes from 2900 to 3543 mV,
which can be easily measured. In the low gas pressure from 1 to
100 Pa, in Fig. 11, the full range of output voltage is from 3520
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Fig. 11. Measurement results of the MicroPirani pressure sensor based on the
tungsten microhotplate, with the gas pressure ranging from 1 to 100 Pa.

Fig. 12. Measurement results of the MicroPirani pressure sensor based on the
polysilicon microhotplate, with the gas pressure ranging from 1 to 105 Pa.

to 3543 mV, the sensitivity of the sensor is 0.23 mV/Pa, the
linearity is 4.95%, and the hysteresis is 8.69%. The designed
MicroPirani pressure sensor can be applied to the medium-
vacuum measurement.

In addition, the polysilicon microhotplate is fabricated to
measure the gas pressure with the constant-current circuit, as
shown in the Fig. 12. In the aforementioned CMOS process,
Poly2 is the heating resistor, and Poly1 is employed as the
sacrificial layer. The resistance of the heating resistor is 550 Ω,
and the temperature coefficient of Poly2 is 1.6 × 10−4/◦C. The
constant current is 2.2 mA in the measurement. The measure-
ment results are shown in Fig. 12. As the gas pressure changes
from 1 to 105 Pa, the output voltage changes from 2530 to
2565 mV, which is much less than the output-voltage range of
the sensor based on the tungsten microhotplate. The reasons
for this phenomenon lie in two parts. First, the heating current
through the polysilicon resistor is much lower than that in the
tungsten resistor because the polysilicon would be destroyed
by the high heating current due to its lower melting point
(about 1400 ◦C) than the tungsten’s (about 3400 ◦C). Second,
in the standard CMOS process, the temperature coefficient of
polysilicon is much smaller than that of tungsten. For example,
in our CMOS process, the temperature coefficient of polysilicon
is 1.6 × 10−4/◦C, while that of tungsten is 1.5 × 10−3/◦C.

V. CONCLUSION

This paper has presented the tungsten microhotplate in a
standard CMOS process which has more advantages than the
polysilicon microhotplate. Tungsten has many good charac-
teristics, such as high melting point and large temperature
coefficient. Tungsten has been traditionally used as a plug
material to form via pathways between different metal layers
and the silicon substrate in standard integrated circuits. In our
design of the tungsten microhotplate, tungsten is employed as
the heater in the form of serpentine resistor instead of via plug.
The anchors of the tungsten resistor are connected to one metal
layer. The measurement results show that the sheet resistance of
tungsten changes with different dimensions, and its temperature
coefficient is 1.5 × 10−3/◦C. The thermal impedance of the
designed tungsten microhotplate is 17 ◦C/mW.

A MicroPirani pressure sensor is implemented with a tung-
sten microhotplate. A monolithic constant-current circuit in-
cluding an operational amplifier is used to bias the tungsten
microhotplate to measure the gas pressure. The measurement
results show that the tungsten microhotplate has a good re-
sponse to the gas pressure, particularly in the low gas pressure
ranging from 1 to 100 Pa, the sensitivity of the sensor is
0.23 mV/Pa, the linearity is 4.95%, and the hysteresis is 8.69%.
The MicroPirani pressure sensor in our study can be applied to
the medium-vacuum measurement.

Because tungsten in a standard CMOS process has a large
temperature coefficient, a new series of thermal-based sensor
products compatible with the standard CMOS process can be
developed.
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