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Abstract

This paper reviews the development of pressure and acceleration sensors using SOL wafers. SOL structures help
in high-temperature operation and simplify the fabrication process. MEMS technology and devices studied in the
author’s lab are also presented.
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1. Introduction

Si-on-insulator (SOI) structure is an attractive material both for VLSI and sensor applications. SOI
structures for VLSI substrates are usually fabricated with single crystal Si(100) layers/SiO2 layers
on Si(100) substrates such as SIMOX wafers (separated by implanted oxygen) and SDB (silicon
direct bonding) wafers. For sensor applications, SDB wafers have many advantages over SIMOX
wafers as the thickness of the top Si layer can be changed to a few hundreds of  mm from 0.1 mm. A
mm-thick SiO2 layer is also available. Top Si layers can be used as  piezoresistor or proof-mass and
SiO2 can be used as an electric isolation or a sacrificial layer. On the other hand, epitaxially stacked
SOI structures, such as Si/Al2O3/Si structures, which can be formed by using epitaxial Al2O3 on Si
substrates and epitaxial Si on Al2O3/Si, can be used as sensor material. Using epitaxial method, the
thickness of Si and insulator layers can be controlled easily for sensor applications. MultiSOI
structures like Si/insulator/Si/insulator/Si structure can be formed and are of interest for
micromachining.

In this paper, using the above-mentioned SOI wafers, a pressure sensor and an acceleration
sensor have been developed. Some of the advantages of SOI are high-temperature operation of
sensors up to 300°C and simplification or controllability of fabrication process.1 We also present
MEMS technology and devices studied in our laboratory.

2. High-temperature-operated SOI pressure sensors

2.1. SOI pressure sensors

High-performance pressure sensors which can be used at temperatures as high as 300°C and in
corrosive environments are in demand  in many fields such as automobile engine control, subter-
ranean heat exploration and industrial pressure instruments. The most promising structures for
such high-temperature-operated sensors are SOI structures where strain gauges are isolated elec-
trically from Si substrates by dielectric layers. Therefore, even at temperatures above 120°C, the
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electrical isolation is perfect and the device can operate up to 300°C (Fig. 1). The usual Si device
isolated by pn-junction does not work above 120°C due to increased leakage at the pn-junction.

The insulator layer can also be used as an etching stop layer to make a diaphragm. This is
another advantage of the SOI pressure sensor. Several kinds of sensor structures were reported
using Si/Al2O3/Si structures by low-pressure chemical vapor deposition (LPCVD) method.2 Figure
1 shows the temperature characteristics of sensitivity and offset voltage of SOI pressure sensors.
The values of sensitivity and offset voltage are less than −0.2% and +0.1%, respectively.

2.2. Double SOI pressure sensors with Al2O3 and Si

A piezoresistive pressure sensor for high-temperature operation was demonstrated with a double
SOI structure consisting of four epitaxial layers of Si and Al2O3 films: a (100) Si//Al2O3(100)//Si
(100)//Al2O3(100)//Si(100)-substrate stacked structure (Fig. 2.)3,4  Its advantages are as follows: (1)
Piezoresistors can be isolated electrically by the third-layer Al2O3 instead of pn-junction. (2) Accu-
rate and uniform control of thin diaphragm could be achieved using the first Al2O3 layer as an
etching stop layer as Al2O3 is more stable compared to Si anisotropic etching of KOH solution.5

The second epitaxial Si acts as a thickness and strain-adjusting layer of the diaphragm. (3) Thick-
ness of these layers is easily controllable due to epitaxial growth by CVD. (4) As the Al2O3  is stable
and mechanically strong like sapphire, the SOI structure is compatible with the IC process.

FIG. 1. Temperature characteristics of sensitivity and
offset voltage of SOI pressure sensors.

FIG. 2. A double SOI structure pressure sensor with Al2O3.

FIG. 3. Photograph of a sensor.
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2.3. Device fabrication

Figure 3 shows a sensor body. The sensor chip is mounted on the glass base (Hoya, SD-2) by
anodic bonding and hermetic sealing.6 Au wire is used to bond between the electrodes on the chip
and pins of the hermetic seal. The stainless diaphragm is then welded. The cavity between the
sensor chip and the stainless diaphragm is filled with silicon oil (Toray, SH710). Pressure is trans-
mitted to the sensor chip through the silicon oil.

Since the primary resonance frequency is about 9 kHz, the sensor chip can be placed quite
close to the stainless diaphragm. A study of long-term stability of the sensor was made. Offset and
sensitivity of the sensor were measured at 200°C every five hours for 45 hours. The output change
is less than 0.1% FS, both offset and sensitivity. This sensor may be stable up to 260°C in the short
term. The silicon oil gradually gels more than 260°C (Table I).

3. Three-axis accelerometer

3.1. Piezoresistive three-axis accelerometer using SDB-SOI structure for high temperatures

Usually, the maximum operation temperature of piezoresistive silicon sensors is limited to 125°C
due to higher leakage of current from junction-isolated piezoresistors. We have developed SOI
mechanical sensors such as pressure sensors and accelerometers for high-temperature operation.7

FIG. 4. Chip photograph of fabricated SOI accelerom-
eter for high-temperature operation.

FIG. 5. Temperature characteristics of the fabricated
SOI accelerometer.

Table I
Characteristics of a sensor

Characteristics Measured values

Sensitivity for X,Y input 16 mV/V.G
Sensitivity for Z input 91 mV/V.G
Maximum cross-axis sensitivity 5.7%
Maximum nonlinearity 1.7% FS
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Figure 4 shows the photograph of the chip of an SOI accelerometer developed for high tempera-
tures. In the accelerometer, piezoresistors are isolated by silicon dioxide layer. Thus, leakage of
current at high temperatures is eliminated perfectly. Furthermore, the  accelerometer is designed to
detect three-axis acceleration by operating the output voltage of four SOI piezoresistors. Tempera-
ture characteristics of the accelerometer were measured in the range from room temperature to
400°C. Figure 5 shows temperature characteristics of offset voltage and sensitivity variation. The
data were standardized at 27°C. While the characteristics of typical junction isolated accelerometer
change rapidly over 200°C due to dramatic increase in the junction leakage current, the SOI accel-
erometer was relatively stable up to 400°C. This shows the potential of SOI sensors to evaluate the
basic charateristics of high-temperature SOI accelerometers.

3.2. A three-axis accelerometer integrated with commercial 0.8 mm-CMOS circuits

Our group has established the postCMOS fabrication technology for CMOS integrated three- axis
accelerometer.8,9 The integrated circuitry in the device was fabricated with commercial 0.8 mm-
CMOS technology.10 Because of its versatility, the technology can be applied for advanced deep
submicro CMOS technologies. Details of the technology of fabrication principles and characteris-
tics of fabricated devices, and reliability of the sensor devices have been reported in IEEE
MEMS2000.10

Figure 6 shows cut-away simplified drawing of the 0.8 mm-CMOS integrated three-axis acceler-
ometer. The device has a three-layer structure with a silicon layer sandwiched by two SW-3 glass
layers. The cap glass is bonded on the surface of silicon  structure to seal the accelerometer. Plastic
can be used for low-cost packaging of the  accelerometer. On the silicon surface, CMOS integrated
signal processing circuits are integrated with commercial 0.8 mm-CMOS technology on the surface
of the seismic mass. For detection of acceleration, p-MOSFETs are used as stress-sensitive ele-
ments. It is based on piezoresistive effect of p-type inversion layer in p-MOSFETs. Since
p-MOSFETs are standard elements in standard CMOS circuits, they can be used as sensing

FIG. 7. Chip photograph of fabricated three-axis accel-
erometer (3x 3mm2).

FIG. 6. Cut-away simplified drawing of the 0.8 mm-
CMOS integrated three-axis accelerometer.

0.8mm-CMOS Integrated Circuit

Cap Glass
Pads

Frame FrameSeismic Mass

Bottom Glass



623SOI SENSORS AND EPITAXIAL MEMS

elements in CMOS integrated sensors. Figure 7 shows the photograph of a fabricated three-axis
accelerometer with 3x3 mm2 dia area. At this stage, cap glass is not bonded on CMOS surface. The
minimum measured resolution of the accelerometer with 6x6 mm2 chip size is about 2.0 mGrms for Z-
axis acceleration, and about 26.8 mGrms for 3x3 mm2 accelerometer. Basic performance characteris-
tics including reliability of repetitive application of load were quite good, probably because of
smaller scaled integrated circuits.

4. Capacitive SOI accelerometers

4.1. Surface micromachining method

Capacitive  accelerometers using SDB-SOI (silicon direct bonding−silicon on insulator) structure
have been developed recently.11–16 The silicon thickness of SDB–SOI wafer is controlled by pol-
ishing which gives desirable thickness from hundreds of microns to a submicron. By using trench
(deep) etching technology, thick (over 10 mm) and high aspect structure can be formed with SOI
wafer. Intermediate SiO2 layer acts as etch-stop layer for deep etching process, which can also be
used as sacrificial etching layer. The thick and high aspect structure gives higher sensor capaci-
tance and heavier mass compared to the conventional polysilicon surface micromachining  accel-
erometer. The beams with single crystal silicon raise reliability as they do not have hysteresis or
creep, and hence the SOI structure is considered attractive for MEMS sensors.

One-axis capacitive accelerometer and three-axis accelerometer have been developed using
SOI technology.17  Figure 8 shows the three-axis SOI capacitive accelerometer. Z-axis  accelerom-
eter is of 1x1 mm size and the spiral shape beams are 2–3 mm in length. The thickness of the top

(a)          (b)

FIG. 8. (a) Structure and (b) SEM images of SOI three-axis accelerometer.
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single-crystal silicon layer is 6 mm and the gap, i.e. the sacrificial silicon dioxide layer is 1 mm thick.
X- and Y-axis  accelerometer is of 3x1 mm size and folded beams are 1–2 mm in length. The length
of the comb electrode is 200 mm and a gap of 4 mm is maintained between the electrodes. Initial
sensor capacitance is about 5pF for Z-axis  accelerometer and 2pF for X- and Y-axis  accelerometer.
The total design size of the  sensor is 5x5 mm.

4.2. Dicing saw method

Novel three-axis SOI capacitive accelerometer has been designed for low-G detection. It has a
mass of over 500 mm thick formed by dicing saw using bulk silicon substrate. The mass can be
formed in high aspect ratio of nearly infinity using a dicing blade of a width of 500 mm. It promises
high sensitivity for each axis acceleration and small sensor size of 2.5x2.5 mm. The capacitor
electrodes were designed in clover-leaf structure using SOI structure. The electrode forms a differ-
ential capacitor for X- and Y-axis accelerometers, which is effective to reduce noise or temperature
dependence.18,19

The structure of the three-axis accelerometer is shown in Fig. 8. It has a mass of over 500 mm
thickness formed by dicing saw on the glass–silicon structure. The mass is supported by thin (less
than 10 mm) single-crystal silicon straight beams or spiral silicon beams. The mass forms a common
electrode. A Z-axis accelerometer is formed between the mass and the metal electrode on glass
substrate. Clover-leaf silicon plates are attached to the mass to form X- and Y-axis capacitors. X
and Y accelerometers are formed between the clover-leaf plates and the metal electrodes on the
glass. The base capacitance is about 1.5 pF and the  capacitance changes from 10 fF/G to 100 fF/
G. A high-performance capacitance detection ASIC including a switched capacitor circuit and a
second-order delta-sigma modulator has been developed for the accelerometer.20

5. MEMS devices

5.1. Intelligent potential sensor array with VLS growth method

Ultrasmall Si wire array fabricated by VLS (vapor−liquid–solid) growth with nMOS circuits on the
same chips was proposed using Si(111) wafers for application as a new intelligent nerve potential

(a)               (b)

FIG. 9. (a) Image structure of intelligent potential sensor and (b) SEM photograph of Si wire array.
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FIG. 10. Schematic cross-sectional view of the
proposed photosensitive floating field emitter.

sensor. Selective epitaxial Si wires (8 mm high and 1 mm dia) with (111) orientation were successfully
grown at 700°C for 2 h by Si2H6 gas source MBE using Au lift-off process (Fig. 9). The growth rate
(1–11 mm/H) and diameter (1–4 mm) of the wire depend on Si2H6 gas pressure and Au pattern size
(4–10 mm) and thickness, respectively. The characteristics of nMOSFETs on Si(111) are controlled
by ion implantation and do not show any change except for increase in subthreshold current to
10−9A at the MOSFETs with wires after VLS growth of 700°C. MOS circuits can be operated by this
new process and the VLS growth and MOS IC process are compatible.21

5. 2. Photosensitive floating field emitter

A new photocathode termed ‘photosensitive floating field emitter’ was investigated.22, 23 Back-
incident-type photosensitive field emitter was fabricated using an SOS (silicon on sapphire) sub-
strate. Schematic cross-sectional view of the proposed photosensitive floating field emitter is
shown in Fig. 10. It is constructed with cone-shaped gated Si field emitter tips and pn-junction
photodiode devices. This device structure can introduce lights efficiently from backside, as the
sapphire substrate is transparent to ultraviolet, visible and infrared lights. A prototype, which was
fabricated by depositing amorphous silicon pin photodiode films on the back of n-type cone-
shaped Si emitter array, was fabricated and characterized. The emission current increases linearly
as a function of the illumination intensity and the quantum efficiency was over 70%. This value is
three times higher than that of conventional photocathode.

References

1. BALTES, H., GOPEL, W. AND HESSE. J. Sensors update, Vol. 6, Ch.16, Wiley-VCH, 2000, pp. 301–331.

2. CHUNG, G. S., KAWAHITO, S., ISHIDA, M., Jap. J. Appl. Phys., 1991, 30, 1378–1383.
SUZAKI , T. AND NAKAMURA , T.

3. LEE, Y., SEO, H., ISHIDA, M., KAWAHITO, S. Sensors Actuators A, 1994, 43, 59–64.
AND NAKAMURA , T.

4. ISHIDA, M., LEE, Y., HIGASHINO, T., Jap. J. Appl. Phys., 1995, 34, 831–835.
SEO, H.  AND NAKAMURA , T.

5. ISHIDA, M., ASHIKI, M., SAWADA, K.,  Sensors Actuators A, 1990, 21, 267–270.
YAMAGUCHI, S. AND NAKAMURA , T.

6. TERABE, H. et al. Proc. Transuducers 97, 1997, pp.1481–1484.

7. TAKAO, H., MATSUMOTO, Y., SEO, H. D., Sensors Actuators A, 1996, 55, 91–97.
ISHIDA, M. AND NAKAMURA , T.

8. TAKAO, H., MATSUMOTO, Y. Sensors Actuators, 1998, 65, 61–68.
AND ISHIDA, M.

Poly-Si
SiO2 A1

n+

p+

n+

p-Si

sapphire



MAKOTO ISHIDA626

9. TAKAO, H., MATSUMOTO, Y. IEEE Trans., 1999, ED-46, 109–116.
AND ISHIDA, M

10. Proc. IEEE MEMS 2000.

11. MCNEIL, V. M., NOVACK, M. J. AND Proc. 7th Int. Conf. on Solid State Sensors and Actuators (Transduc-
SCHMIDT, M. A. ers’93), 1993, pp. 822–825.

12. DIEM, B., DELAYE, M. T., MICHEL, F., Proc. 7th Int. Conf. on Solid State Sensors and Actuators (Transduc-
RENARD, S. AND DELAPIERRE, G. ers’93), 1993, pp. 233–236.

13. MATSUMOTO, Y., IWAKIRI , M., TANAKA , H., Sensors Actuators A, 1996, 53, 267–272.
ISHIDA, M. AND NAKAMURA , T.

14. BROSNIHAN, T. J., BUSTILLO, J. M., Proc. Int. Conf. Solid State Sensors and Actuators  (Transduers’97),
PISANO, A. P. AND HOWE, R. T. 1997, pp. 637–640.

15. MATSUMOTO, Y., NISHIMURA, M., Tech. Dig. of the 16th Sensor Symp., 1998, pp. 29–32.
MATSUURA, M. AND ISHIDA, M.

16. MABOUDIAN, R. AND HOWE, R. T. J. Vac. Sci. Technol. B, 1997, 15, 1–20.

17. MATSUMOTO, Y., NISHIMURA, M., Sensors Actuators A, 1999, 75, 77–85.
MATSUURA, M. AND ISHIDA, M.

18. NISHIMURA, M., MATSUMOTO, Y. AND Tech. Dig. 15th Sensor Symp., 1997, pp. 205–208.
ISHIDA, M.

19. MATSUMOTO, Y., YOSHIDA, K. AND Sensors Actuators A, 1998, 66, 308–314.
ISHIDA, M.

20. MATSUMOTO, Y., KAWAHITO, S.  AND Development  and  evaluation of  capacitive  detection  ASIC for
ISHIDA, M. three-axis capacitive accelerometer, 17th Sensor Symp., 2000.

21. ISHIDA, M., SOGAWA, K., ISHIKAWA, A. Selective growth of Si wires for intelligent nerve potential sensors
AND FUJII, M. using vapor−liquid−solid growth, Transducers’99, Sendia, Japan,

1999, pp. 866–869.

22. SAWADA, K.,  MATSUMURA, N. AND Photosensitive field emitters including a-Si:H p-i-n-photodetection
ANDO, T. region, IEEE Trans., 1998, ED-45, 321–325.

23. SAWADA, K., ISHIDA, M. AND ANDO, T. Photosensitive field emitters with wide dynamic range, J. Inst.
Image Inf. Telev. Engng (in Japanese), 1999, 53, 275–281.


