
1.  Introduction

Recently, automobile tire pressure monitoring sys-
tem, which can detect tire pressure and give warning
of flat tires, has attracted much attention. Especially
in the United States, all passenger cars and compact
trucks that will be sold from November 2003 must
have a tire pressure monitoring system in their bod-
ies2).

A Passive Tire Monitoring System (PTMS) shown
in Fig. 1 is very unique, because a transponder with a
pressure sensor is built in each tire, and RFID (Radio
Frequency Identification) technologies are used to
communicate between the transponder and a reading
system in a car body. As shown in Fig. 2, the
transponder involves a pressure sensor, an ASIC with
a temperature sensor and an antenna coil. RF (Radio
Frequency) signal sent from an antenna in a car body
generates an induced current at the antenna coil in
the transponder, and then the induced current oper-
ates the ASIC. The ASIC sends some data such as
pressure, temperature and ID number of each tire
back to the antenna in a car body by RF signal.
Therefore, the transponder doesn’t need any power
sources such as battery, and this “no battery” solution
has great advantages in saving cost and protecting
environment.

While the operating pressure range of sensors is
around 250kPa for passenger tires, and around
700kPa for truck tires, respectively. The sensors need
high burst pressure, because they are implanted in
tire rubber through its curing process. The minimum
burst pressure is 3.5MPa, which is defined from the
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Fig. 1.  Schematic Image of Passive Tire Monitoring System.

Fig. 2.  Picture of Transponder.
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maximum pressure during the curing process. In
addition, the sensors are required high sensitivity,
low power consumption and low temperature depend-
ence of electrical performances.

Silicon capacitive pressure sensor was one of the
candidates, because it had some advantages such as
lower power consumption, smaller temperature
errors and lower cost. However it didn’t have strong
endurance enough to be used in the PTMS. Then we
investigated a new operation mode of the sensor,
“Touch-mode” proposed by Ko, et al. In the opera-
tion, a silicon diaphragm as an upper electrode touch-
es dielectric thin film on a substrate. Therefore the
Touch Mode Capacitive Pressure Sensor has great
advantages such as near linear output, high sensitivi-
ty and a robust structure, compared with convention-
al “Non-touch” capacitive pressure sensors. We have
been developed the Touch Mode Capacitive Pressure
Sensor, which can be used in the PTMS for both pas-
senger tires and truck tires. The purpose of this study
is to find the cause of diaphragm breakage in lower
applied pressure, and to obtain the sensors, which
have the required minimum burst pressure for the
PTMS.

2.  Structure and Principle of the Touch Mode
Capacitive Pressure Sensor

Fig. 3 shows a cross-sectional view of the Touch

Mode Capacitive Pressure Sensor we have devel-
oped, and Fig. 4 shows a picture of actual sensor. The
sensor consists of two parts, a glass substrate with
metal electrode and a silicon substrate with a
diaphragm. The diaphragm is made of Boron doped
P+ layer and acts as an upper mobile electrode.
Dielectric thin film is deposited onto the metal elec-
trode. A gap between the diaphragm and the dielec-
tric thin film is a few microns. 

Fig. 5 explains principle of the Touch Mode
Capacitive Pressure Sensor. The diaphragm deforms
responding to an applied pressure and finally comes
into contact with the dielectric thin film. Therefore
we can think of dielectric layer between the touching
diaphragm and the metal electrode as a parallel plate
capacitor, of which capacitance C is represented as
below

C = εS/d
where ε is the permittivity of the dielectric thin film, S
is a touching area of the diaphragm and d is a thick-
ness of the dielectric thin film. Since the permittivity ε
and the thickness d are constant values, the capaci-
tance C depends on the touching area S. And the
touching area S changes according to the applied
pressure. Consequently we can measure the applied
pressure by reading the capacitance.

Fig. 6 gives a typical Pressure-Capacitance curve of
the Touch Mode Capacitive Pressure Sensor. Before
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Fig. 3.  Cross-sectional View of Touch Mode Capacitive
Pressure Sensor.

Fig. 4.  Picture of Touch Mode Capacitive Pressure Sensor.

Touching
area S

Non-touch

Initial touch

Operating range

Fig. 5.  Principle of Touch Mode Capacitive Pressure Sensor.

O A B C D

Non-touch
Initial
touch

Operating
range

Saturation

Pressure

C
ap

ac
ita

nc
e

Fig. 6.  Typical Pressure-Capacitance Curve of Touch Mode
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the diaphragm touches the dielectric thin film,
change of the capacitance C is negligibly small
(Region OA). Once the diaphragm touches the
dielectric thin film, the output capacitance changes
significantly (Region AB) and then linearly increases
(Region BC). We call a pressure when the diaphragm
touches the dielectric thin film “Touch Point”. Finally
the change of capacitance saturates in higher pres-
sure (Region CD). When the sensor is applied in the
PTMS, the center of the operating range is designed
to a normal pressure of tires.

3.  Fabrication Process

Fig. 7 presents schematic processes of the Touch
Mode Capacitive Pressure Sensor. We can produce
the sensors using silicon planar processes, anodic
bonding technologies and anisotropic wet etching,
which are commonly used in state-of-the-art Micro
Electro Mechanical System (MEMS) fields. These
technologies can be practically applied in high vol-
ume production as well.

We use an n-type (100) silicon wafer, of which
thickness is 300µm, for the silicon parts. First of all,
the silicon wafer is thermally oxidized so that the
thickness of the surface oxidation layer becomes
around 1µm. Next silicon nitride film is deposited on
it by Low Pressure Chemical Vapor Deposition
(LPCVD). Then the silicon wafer is etched from back-
side with KOH solution to form a gap, and P+ layer is
formed by Boron doping.

On the other hand, metal thin film is deposited
onto a glass substrate, of which thickness is 500µm,
to form a metal electrode. After patterning of the
metal thin film, dielectric thin film is deposited on it.

Then the silicon wafer and the glass substrate are
bonded together by an anodic bonding technology.
The bonded wafer is etched from the top with KOH
to form a diaphragm. Finally the wafer is diced to

each sensor.

4.  Basic Characteristics

We have evaluated many electrical or mechanical
characteristics of the Touch Mode Capacitive
Pressure Sensor. Especially fracture toughness and
Pressure-Capacitance (P-C) curve characteristics may
be most important for the PTMS applications. We’ll
focus on these major two characteristics here in after.

4.1 Fracture Toughness

The most of breakage or failure of the sensors
under harsh applications were cased by cracks in the
diaphragm. Therefore we evaluate the burst pressure
of the sensors by checking the diaphragms whether
there are cracks or not after pressure-soaking test as
below.

We set some sensor chips in a pressure chamber
as shown in Fig. 8. The sensor chips are pressurized
at 4.2MPa for 1hour in the first step, and at 3.5MPa
for 24hours in the second step. Then we observe the
diaphragms with microscope.

Table 1 shows a comparison chart of fracture
toughness among ten different wafers (A to J).
Despite all sensors were made under the same condi-
tions, the dispersion of the failure rate was so wide
from a small percent in a good sample to 90% in a bad
sample. First, we thought the differences of fracture
toughness depended on the thickness of the
diaphragm. Therefore we examined the thickness of
the diaphragm by cross sectional SEM observation.
But we confirmed that they were almost same. Then
we assumed surface morphology of the diaphragm
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Fig. 7.  Schematic Process Flow of Touch Mode Capacitive
Pressure Sensor.
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Fig. 8.  Schematic Diagram of Pressure Chamber.

Table 1.  Comparison Chart of Fracture Toughness among Ten
Different Wafers (A to J).

Wafer A B C D E F G H I J

Sensor chips 488 488 488 488 488 488 488 488 488 488

Brokedown 
sensor chips

352 86 444 125 32 65 409 26 102 256

Rate (%) 72.1 17.6 91.0 25.6 6.6 13.3 83.8 5.3 20.9 52.5
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might affect diaphragm strength. We observed the
surface morphology of the diaphragm by Atomic
Force Microscopy (AFM)3).

Fig. 9(a) shows an AFM image of the diaphragm,
which survived the pressure-soaking test. We
observed 1µm square. One division in Z-axis is 25nm.
The surface morphology is very smooth. On the
other hand, Fig. 9(b) shows an AFM image of the
diaphragm, which could not withstand the pressure-
soaking test. We can see many pits on the diaphragm.
These pits were generated during KOH etching
process. From these results, the etch-pits seem to
make the diaphragm strength weak. To clarify a
cause of the etch-pits, we examined a depth profile of
grain conditions in a silicon substrate before the etch-
ing. We observed around P+ layer by Transmission
Electron Microscopy (TEM). 

Fig. 10 presents a cross-sectional TEM image. It is
clear that there are some dislocations from 5 to 8µm
in depth. It is well known that dislocations or defects
in the crystal generally make etch-pits while etching
process4) 5) 6) 7). In this case, the dislocations possibly
produced the etch-pits during KOH etching process
to form the diaphragm. 

From AFM and TEM observation, we assumed that
the etch-pits, generated during etching process, must
be starting points of the breakage. These experimen-
tal results helped us to improve the etching condi-
tions and eliminate the etch-pits. Finally we could pro-
duce the Touch Mode Capacitive Pressure Sensor, of
which minimum burst pressure is 3.5MPa.

4.2 Pressure-Capacitance Curve Characteristic

Pressure-Capacitance curve is basic characteristic
of the sensor. From P-C curves, we can obtain sensi-
tivity and non-linearity, which are important values
for the application design.

Fig. 11(a) is a typical P-C curve of the sensor for
passenger tires, and Fig. 11(b) is that of truck tires.
For passenger tires, touch point is 60kPa, sensitivity
at 250kPa is 0.049pF/kPa and non-linearity from 200
to 300kPa is 1.7%FS. For truck tires, touch point is
150kPa, sensitivity at 700kPa is 0.016pF/kPa and non-
linearity from 600 to 800kPa is 1.3%FS. From these
results, we think that the Touch Mode Capacitive
Pressure Sensor satisfies requirements of electrical
performances for both passenger tires and truck tires
pressure monitoring system.

5.  Conclusion

We have been developed the Touch Mode
Capacitive Pressure Sensor for Passive Tire
Monitoring System. We specially focused on two
major characteristics, the burst pressure and the frac-
ture toughness, which are most important character-
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Fig. 9.  AFM Images of Diaphragm: (a) Which Could Withstand Pressure Soaking Test
and, (b) Which Couldn’t Withstand.
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Fig. 10.  Cross-sectional TEM Image of Silicon Substrate.
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istics for the Passive Tire Monitoring System. From
AFM and TEM observation, we found that the etch-
pits on the diaphragm became starting points of the
breakage. As the result of many experiments to
improve the minimum burst pressure of the sensor,
we could produce the Touch Mode Capacitive
Pressure Sensor that had strong endurance enough
to be used in the Passive Tire Monitoring System.
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Fig. 11.  Pressure-Capacitance Curves of Touch Mode Capacitive Pressure Sensor: 
(a) for Passenger Cars’ Tires, and (b) for Trucks’ Tires.


