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There is an increasing need for high-accuracy, high-resolution atmospheric pressure 
sensors in the fields of the Internet of Things (IoT) and environmental measurement. 
Concerning the IoT, atmospheric pressure sensors are used as an altimeter or barometer, 
while for environmental measurement they are used as a barometer to detect extremely 
small and low-frequency pressure fluctuations, called infrasound, which are caused by 
earthquakes and tsunamis. Yokogawa has been offering silicon resonant pressure sensors 
since the 1980s, and its DPharp series differential pressure/pressure transmitters are widely 
used by many customers. In response to the increasing demand, Yokogawa decided to apply 
the technologies of silicon resonant sensors to the development of new atmospheric pressure 
sensors. This paper describes a prototype which achieves a high accuracy of 2.5 Pa and a 
high resolution of 0.1 Pa, equivalent to the accuracy of existing pressure standards.

INTRODUCTION

Recently, there is an increasing need of various sensors in 
the fields of Internet of Things (IoT) and environmental 

measurement. The use of high-precision barometers is also 
expanding. Barometers that measure the absolute pressure of 
the environment have been used for altitude and atmospheric 
pressure measurement and for aircraft tachometers. If the 
precision and resolution of barometers can be increased to 
measure such physical quantities, we will be able to sense 
phenomena that could not be sensed before. For example, in 
Japan, where natural disasters are increasing, researchers are 
carrying out efforts to sense extremely small pressure changes 
caused by phenomena such as earthquakes and tsunamis and 
use data for disaster management.

We are developing a barometer to meet the above-
described needs. This paper reports the development of a new 
barometer that applies the silicon resonant technology(1) used 
for the DPharp differential pressure transmitter developed 
by Yokogawa. The prototyped barometer reached a precision 
of 2.5 Pa. The value is equivalent to that of a high-precision 
calibrator used. The sensor is expected to reach a resolution of 
0.1 Pa.

AIM OF DEVELOPMENT

High-stability and high-precision silicon resonant sensors 

are used widely in the field of industrial measurement. The 
conventional resonant sensors require a magnet because they 
are driven by an electromagnetic force. On the other hand, our 
silicon resonant sensors under development are driven by an 
electrostatic force so no magnet is required. This enables the 
miniaturization and the use of the sensor at high temperatures, 
which makes it possible to apply the sensor to various 
applications(2). Applications of our sensor include a barometer, 
pressure sensor, distortion sensor, and acceleration sensor. The 
barometer can be used to measure not only the atmospheric 
pressure but also the altitude and speed as mentioned above.

We aim to develop a barometer with a precision of 2.5 Pa 
and a resolution of 0.1 Pa or more using the silicon resonant 
sensor.

STRUCTURE AND PRINCIPLE

Figure 1 shows the cross-sect ional model of the 
prototyped pressure sensor and Figure 2 shows the cross-
sectional image of the silicon resonant beam area. The 
resonant beams were formed on a diaphragm and a pressure 
reference vacuum chamber was formed directly under the 
diaphragm. The resonant beams were sandwiched between 
two electrodes with a vacuum gap on both sides and excited 
in the direction vertical to the electrode by an alternating 
electrostatic force generated by the drive electrode on one side. 
At the same time, the sensor outputs an alternating current 
corresponding to the frequency in response to electrostatic 
capacitance changes caused by the signal detection electrode 
on the other side.
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Figure 1 Cross-sectional model of barometer

Figure 2 Cross-sectional image of resonant beam area 

Applying a pressure to the sensor top surface bends 
the diaphragm, which causes stress in the axial direction 
of the resonant beam, which in turn causes changes in the 
resonant frequency depending on the applied pressure. The 
applied pressure can be measured by measuring the resonant 
frequency using these phenomena. As with the conventional 
silicon resonant sensors, two resonant beams were placed 
at two points on the diaphragm, which are able to sense the 
absolute pressure (a differential pressure between the pressure 
of the vacuum chamber directly under the diaphragm and the 
pressure applied to the top surface of the sensor)(1) using the 
difference in the resonant frequency of the two resonators. 
In addition, a thermometer was formed using a diode on the 
sensor chip to compensate for the temperature.

PRODUCTION PROCESS

The barometer was produced by bonding a base chip that 
absorbs the bending force of the glass base to the resonant 
beams to the device chip on which the resonant beams and 
diaphragm were formed. The device chip was produced using 
the MEMS fabrication process(3). A gap shown in Figure 3 
was formed on the back surface of the produced device chip 
using a deep reactive ion etching (RIE) technique. Grooves 
were formed on the base chip using a sand blast process.

Figure 3 Cross-sectional schematic diagram before 
bonding the resonant chip to the base chip

Then, the device chip and base chip were bonded as 
shown in Figure 3 under high vacuum using surface activated 
bonding technique. The gap was sealed under high vacuum 
(10-6 Pa) in the bonding equipment to form a stable pressure 
reference vacuum chamber. Figure 4 shows a photo of the 
cross section of the fabricated sensor chip.

Figure 4 Photo of the cross section of the sensor chip

Finally, the sensor chip was bonded to the glass base 
bonded to a hermetic seal as shown in Figure 5. The electrode 
pad of the sensor chip was bonded to the electrode of the 
hermetic seal with a wire bond. The resonators are driven and 
sense using those electrodes.

Figure 5 Sensor chip bonded to the hermetic seal

EVALUATION RESULTS

The following shows the results of various kinds of 
evaluation of the prototyped barometer.
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Resonant Frequency Changes Caused by Pressure
Figure 6 shows the relationship between the pressure and 

the rate of change of resonant frequencies (fc and fr) of the 
two resonators measured by applying the absolute pressure 
in a range from 75 kPa to 110 kPa to the barometer. As with 
conventional silicon resonant sensors(1), the resonant frequency 
changes as the applied pressure is changed.

Figure 6 Relationship between applied pressure and  
rate of change of resonant frequencies

Temperature and Pressure Evaluation Results
A calibration equation was created by measuring the 

resonant frequency and the output of the thermometer while 
applying the absolute pressure in a range from 75 kPa to 
110 kPa using a pressure standard to the prototyped barometer 
in a temperature range from -10°C to 60°C. Figure 7 
shows the calibration results. The maximum error under all 
measurement conditions was 2.1 Pa. This value is within a 
precision of 2.5 Pa of the standard used. The GE’s PACE6000 
CM2 Pressure Control Module 2 was used for the standard.

Figure 7 Measurement error for each applied pressure 
at a temperature range from -10°C to 60°C

Repeatedly Applied Pressure Evaluation Results
Figure 8 shows the results of measurements made by 

repeatedly applying the absolute pressure in a range from 
75 kPa to 110 kPa to the prototyped barometer. The maximum 
error was 2.1 Pa. The value is within a precision of 2.5 Pa of 

the standard used.

Figure 8 Differences of the measured values between 
the barometer and the standard at each applied pressure

Atmospheric Pressure Measurement Results
The atmospheric pressure was measured continuously 

for one week using the prototyped barometer (sample) and the 
standard (reference). Figure 9 shows the atmospheric pressure 
measurement results of both. Figure 10 shows the differences 
between both. As shown in the results, the difference of the 
measurement results between the barometer and the standard 
is within approximately ±1 Pa. We conf irmed that the 
barometer is able to measure the atmospheric pressure with 
high precision.

Figure 9 Comparison of atmospheric pressure 
measurements between the barometer and the standard

Figure 10 Differences of atmospheric pressure 
measurements between the barometer and the standard

Resolution Evaluation Results
Figure 11  shows the Al lan dev iat ion values of 
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atmospheric pressure continuously measured for 5 seconds 
with a 100 msec gate time using the prototyped barometer. 
The Allan deviation value was within 0.1 Pa. From this result, 
we conclude that the resolution must be 0.1 Pa.

Figure 11 Allan deviation values acquired by measuring 
the atmospheric pressure 50 times with a 100 msec gate

CONCLUSION

We have developed a  new ba romete r  u si ng t he 
conventional sil icon resonant sensor technology. The 
maximum error of the prototyped barometer was 2.1 Pa. The 

precision of the standard used was 2.5 Pa. The precision of the 
prototyped sensor is considered to be equivalent to that of the 
standard. Furthermore, this sensor was able to measure the 
pressure at a resolution of 0.1 Pa with a measurement range of 
up to 110 kPa.

Based on these results, we will be able to develop a 
high-performance barometer that can provide new solutions 
for the fields of high-precision altitude and environmental 
measurements. We will continue the development and carry 
out more detailed evaluations.

REFERENCES

(1) Tokuji Saegusa, Shigeru Goto, et al., “DPharp Electronic Differential 
Pressure Transmitter,” Yokogawa Technical Report English Edition, 
No.15 1992, pp. 30-37

(2) Ryuichiro Noda, Yusaku Yoshida, et al., “Development of Silicon 
Resonant Pressure Sensor that can Measure 200 MPa,” Proceedings 
of the 33rd Sensor Symposium on Sensors, Micromachines and 
Applied Systems, Vol. 33, 2016 (in Japanese)

(3) Ryuichiro Noda, Shigeto Iwai, et al., “Making Silicon Resonant 
Pressure Sensors Withstand Higher Pressures,” Proceedings of the 
32nd Sensor Symposium on Sensors, Micromachines and Applied 
Systems, Vol. 32, 2015 (in Japanese)

* DPharp is a registered trademark of Yokogawa Electric Corporation.

-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0

0 1 2 3 4 5

A
lla

n 
de

vi
at

io
n 

[P
a]

Duration [sec]

4242


