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Recently, the electrical performance requirements of the sensor elements used in electric vehicles have been strengthened.
Automotive pressure sensors are manufactured by bonding metal diaphragms and MEMS sensing elements. The withstand
voltage of the pressure sensor is greatly affected by the electrical characteristics of the adhesive material between the metal
diaphragm and the MEMS sensing element connected to the vehicle body. In this study, the withstand voltage of the sensor
element was analyzed using glass paste as the bonding material for the glass paste process. As a result, it was found that this
voltage was greatly influenced by the remaining glass paste porosity remaining following the glass paste process, and also by
the area and thickness of the glass paste. Therefore, it was found that the thickness and area of   the glass paste should be
optimized and that the internal porosity should be minimized to obtain excellent withstand voltage characteristics in the
sensing device.
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Introduction

In a car, pressure sensors are the most frequently used

sensors for monitoring engine intakes, air conditioner

refrigerant pressure, injection pressure, and brake oil

pressure [1]. With the recent advances in eco-friendly

cars and car performances in general, pressure sensors

are required to cover a wider range of pressures across

diverse applications such as gauging fuel pressure in

the engine while showing reliability even in diverse

environments [2-4, 14-16]. 

Depending on the pressure range and the media

which transfers the pressure, a variety of pressure-

sensing devices and packages may be used. Recently,

silicon MEMS (Micro Electro Mechanical System)

devices have been used to cover a wide range of

pressure [5-8].

Since the media which transfer pressures in sensors

for air, gas, water, oil, and refrigerant are chemically

reactive, sensing devices that use metal diaphragms are

used for their reliability [5-8].

When metal diaphragms are used to make detection

devices, a metal strain gauge thin-film resistor will be

formed in the upper region of the diaphragm. The thin-

film resistor of a metal strain gauge has a lower

sensitivity and limits the output noise when compared

to the silicon MEMS-type piezoresistor. Also, the

production cost for metal resistors is high because thin-

film resistor deposition needs to be performed for every

diaphragm using a customized semiconductor fabrication

process. On the other hand, MEMS elements have the

advantage of lower production cost because the sensors

may be mass-produced using a single silicon wafer

production process [9-13, 16]. However, to take advantage

of the high sensitivity of metal diaphragms and low costs

of MEMS elements, the two parts need to be bonded

using glass paste. The joint is where metal diaphragms

and MEMS element are connected, and the insulation

between these two parts determine the insulation of the

sensor module and the withstand voltage. 

In this paper, to test the insulation characteristics

of a high-reliability pressure sensor that uses a metal

diaphragm and silicon MEMS element, glass paste was

used in the bonding process between the two parts, and

the bonding process condition and the insulation and

voltage of the formation were measured. 

Experimental

Fig. 1 shows how the MEMS element was added on

top of the metal diaphragm and why the structure

requires an insulating property. The MEMS element

was produced using the semiconductor manufacturing

process and MEMS Process. For the metal diaphragm,

SUS630 (stainless steel) was used and glass paste was

used to bind the silicon MEMS element.

To a prevent reduction in the performance and

maintain the melting point of the glass paste under 500
oC, the glass powder primarily composed of PbO and a
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binding agent that helps to control the viscosity of the

paste during printing process was also used. 

To obtain the target viscosity, a ball mill was used for

mixing, by increasing the rpm from 3 to 5 over a 60 min

period. A screen printing process was used to apply

glass paste on the metal diaphragm. When printing, the

surface area and thickness were varied. The MEMS

element was placed in the center of the glass paste, and

for firing the glass paste, the temperature was increased

at a rate of 6 oC/min until the temperature reached

420 oC and the temperature was then maintained for 10

minutes. To evaluate the withstand voltage of the sample

processed using the glass paste, the silicon MEMS

element was connected by wire bonding to a probe.

Insulation resistance meters were used to measure the

insulation voltage, which is reduced from the leakage

current at 10 MWohm. The cross section of the bonding

surface was analyzed to study the correlation between

the insulation voltage and bonding structure. Further, to

measure the withstand voltage of the sensor modules

that use sensing elements, the withstand voltage was

measured after the wire bonding of the sensing element

and joints were potted with silicon gel in the protective

process. The cross sections of the junctions were studied

using an SEM (Scanning Electronic Microscope). To

measure insulation voltage, an insulation voltage meter

was used, and to measure the withstand voltage of the

assembly of the sensor element, a withstand voltage

meter was used. 

Results and Discussion

Fig. 2 is a graph that plots viscosity as a function of

the rolling speed and time, which are the process

variables in the mixing process that are used to maintain

a target viscosity before the glass paste undergoes the

screen printing process. As shown in the graph, the

viscosity is stabilized most quickly in the rolling speed

range of 3-5 rpm. After a rolling time of 30 min, the

viscosity was stabilized and no decrease in viscosity

was observed.

After fixing the rolling speed at 5 rpm, the rolling

time was increased from 0 to 60 min with a 10 min

increment. Using the screen printing process, glass

pastes made with varying conditions were applied to

the top of the metal diaphragm. After the silicon

MEMS element was bonded on the applied glass paste,

the glass paste underwent a firing process. Then, the

insulation voltage was measured at the junction of the

MEMS element of the sensing element and the metal

diaphragm.

As shown in Fig. 3, the voltage saturates at 500 V

when the rolling time reaches 30 min during the

mixing process of the glass paste. This is also the point

at which the viscosity is sufficiently stabilized. 

To analyze the correlation between the glass paste

thickness and insulation voltage, the glass paste thickness

was controlled by controlling the mask thickness. To

eliminate variables other than the thickness, the glass

paste viscosity was fixed by fixing the rolling speed

and time at 5 rpm and 40 min, respectively, as shown

in Fig. 2, while the other process conditions were kept

constant. 

As shown in Fig. 4, which plots the insulation

voltage as a function of the glass layer thickness, the

insulation voltage was below 500 V when the thickness

was less than 100 µm. At a thickness greater than 100

µm, the insulation voltage saturated at 500 V. This

Fig. 2. The viscosity change according to the mixing process of the
glass paste (rolling time and speed ball mill process).

Fig. 1. A MEMS element bonding structure and electrical insulation structure on a metal diaphragm.
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trend shows that increasing the glass layer thickness is

positively correlated with the insulation voltage but

above a certain thickness, the insulation voltage saturates.

Fig. 5 shows the cross sections of the glass layers,

which were processed at a rolling speed of 5 rpm,

which is the point at which the viscosity is stabilized,

as shown in Fig. 3, with multiple rolling times. As

shown in the cross section, there are pores. The size of

the pores and the porosity decreased as the rolling time

increased from 0 to 40 minutes. Here, the porosity is

defined as the ratio of the area of the pores per unit

surface area of the glass layer in the observed picture:

Porosity(%) = pore surface area/glass surface area (100

µm × 100 µm)*100%. The inverse relationship between

the rolling time and porosity may be attributed to the

fact that the glass powder and binder, which make up

the glass paste, became homogeneous over time. 

Fig. 6 is a schematic representation of the structure

of Fig. 5. This schematic shows the difference in

porosity inside the glass paste when the rolling process

time is insufficient and sufficient.

Fig. 7 shows the correlation between the withstand

voltage performance, which depends on the rolling time

of the glass paste past from Fig. 3, and the porosity

from Fig. 5. As rolling time increases up to 30 min,

the porosity drops drastically and above 30 min, the

porosity drops to about 0%. When the withstand voltage

performance is viewed with respect to porosity, the

withstand voltage increases as the porosity approaches

0%.

Additionally, when Fig. 5 was examined to identify

the correlation between the porosity and thickness of

the glass layer, which both affect the withstand voltage,

for 3 different rolling times (0 min, 20 min, and 40

min) the thicknesses of the respective layers were 120

µm, 110 µm and 100 µm. Regardless of the thickness

of the layer in Fig. 5, the porosity was high. High

porosity has the effect of reducing the effective thickness

and forming electrical paths, thereby lowering the

withstand voltage. The correlation between the porosity

and the thickness of the glass layer, which affects the

Fig. 3. The insulation voltage according to the rolling time during
the mixing process of the glass paste.

Fig. 4. The insulation performance with respect to glass layer
thickness.

Fig. 5. The cross-sectional observations (SEM) of glass pastes according to the rolling time (rolling speed: 5 rpm).
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withstand voltages in Figs. 4 and 5, is then explored.

Regardless of the thickness, the higher the porosity, the

lower the withstand voltage. It is considered that this is

because when the porosity is high, the effective

thickness is reduced and an electrical path of shorter

distance is formed. Overall, it is concluded that the

withstand voltage is determined by the thickness when

the viscosity of the glass layer is stable. 

Up to this point, the effect of the glass layer

thickness on the withstand voltage was studied. Next,

the study would like to shift the focus to the surface

area on which glass paste is applied. To ensure good

adhesion between the MEMS element and metal

diaphragm, both the surface area and thickness, play an

important role. Since the side length of the MEMS

element and diaphragm may vary depending on the

surface area, the effect of the surface area on the

withstand voltage was analyzed. 

From Fig. 8(a), we can see the top view of the

MEMS element bonded on top of the glass paste

printing on the diaphragm. To study the effect of the

glass paste surface area, the size of the window for the

metal mask used by the screen printing process was

varied. 

To distinguish the effect of the applied surface, we

used the distance to the diaphragm when from the

corner where the distance between the diaphragm and

MEMS element was closest. When conducting this

experiment, the viscosity of the glass paste was set to

minimize the porosity by using a rolling speed of 5

rpm and a mixing time of 40 min. 

The distance of the corner where glass paste was

printed in between MEMS element and diaphragm was

increased from 0.13~1.0 mm in 6 levels. Based on Fig.

8(b), which shows the insulation property as a function

of the distance to the corner, the withstand voltage

increases with the increase in the distance to the corner,

until the distance reaches 0.3 mm, at which point

interval voltage saturates at 500 V. In this observation,

we can conclude that the withstand voltage performance

is greater than or equal to 500 V above a 0.3 mm

distance. We can see that to achieve the desired

withstand voltage performance, there are correlations

among the viscosity, thickness, and surface area of glass

paste, which is used as the bonding agent between the

Silicon MEMS element and metal diaphragm. 

Fig. 6. Structural correlation of the glass paste between the rolling time and porosity a structure with insufficient rolling time and structure of
the glass paste with sufficient rolling time.

Fig. 7. The insulation performance with respect to porosity. (a) Porosity with respect to rolling time (rolling speed fixed at 5rpm) (b)
insulation characteristics with respect to porosity..
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Conclusions

The primary factors affecting the withstand voltage

performance are the glass paste pore and thickness.

Ball milling is the most important process for the pore

control of the glass paste. With sufficient rolling time,

the thickness of the glass bonding layer also must be

more than a certain critical thickness of around 100 µm

to satisfy the withstand voltage performance requirements.

Additionally, it was found that a certain amount of

surface area is required to achieve the desired withstand

voltage when a MEMS element is bonded with glass

paste. Therefore, it was found that the thickness and

area of the glass bonding layer should be optimized and

the withstand porosity should be minimized or removed

to obtain excellent withstand voltage characteristics in

the pressure sensor bonding of the MEMS element. 
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