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 Micro-electromechanical systems (MEMS) have been developed for sensors and other 
systems since 1971 at Tohoku University.  Ion-sensitive FET (ISFET) probes made by 
micromachining were commercialized for pH and PCO2 catheters.  Special attention was paid 
to packaging and wafer-level packaging based on glass-to-Si anodic bonding was applied for 
integrated capacitive pressure sensors, capacitive diaphragm vacuum gauges, MEMS switches, 
and other devices.  Process equipment for not only MEMS but also integrated circuits (ICs) has 
been made in house because it is important for flexible prototyping and fabrication of novel 
devices.  Equipment for deep reactive ion etching (RIE) of Si was developed and applied for an 
electrostatically levitated rotational gyroscope and other devices.  Heterogeneous integration as 
MEMS on LSI has been made possible by the transfer of MEMS on a carrier wafer to an LSI 
wafer or by stacking a MEMS wafer on an LSI wafer using electrical interconnection with a 
through Si via (TSV).  A piezoelectric MEMS switch on an LSI chip, surface acoustic wave (SAW) 
filters on an LSI chip, a tactile sensor network, and an active matrix electron emitter array are 
shown as examples of these technologies.

1. Introduction

 The ion-sensitive FET (ISFET) has been studied since 1971.  It has a structure like a MOS 
FET but its gate insulator is exposed to an electrolyte and can be used as an ion sensor.  The 
probelike ISFET shown in Fig. 1(a) was fabricated for reliable assembly of a catheter pH sensor, 
shown in Fig. 1(b).(1)  This was commercialized as a pH and PCO2 sensor(2) in 1983 and used for 
pH measurement in the esophagus and stomach.  
 A process facility described in Sect. 3 for making 20 × 20 mm2 wafers was used for 
fabricating the ISFET.  Equipment made in house was used in the process facility.  This facility 
is like a toy but is very effective even for beginners to gain experience in each process step and 
to fabricate sensors, because of its flexibility.  The facility was used to make CMOS integrated 
circuits (ICs) as well in the 1980s and has been utilized up to now.
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 Reliability and cost depend on the assembly and packaging.  Wafer-level packaging 
explained in Sect. 2 was developed and applied for MEMS products.
 Heterogeneous integration such as MEMS on LSI is important to enable advanced systems.  
Wafer-level transfer or chip-level selective transfer of MEMS on a carrier wafer to an LSI wafer 
was developed.  MEMS and LSI wafers stacked and interconnected with a through Si via (TSV) 
were also developed.  Examples of applications of these methods will be shown in Sect. 4.

2. Wafer-level Packaging

 Figure 2 shows the fabrication process and a photograph of an integrated capacitive pressure 
sensor.(3)  A CMOS IC to detect a small capacitance change upon applying pressure was made 
on the sensor chip using the 20 mm process facility.  The Si wafer is anodically bonded to a 
glass wafer.  Packaged chips are obtained by dicing the wafer after making thin diaphragms.  
This wafer-level packaging can reduce the size and cost because no extra packaging will be 
required.(4)  The pressure sensor was commercialized by Toyoda Machine Works Ltd. for low-
pressure measurement.  Technologies to protect the circuits during the anodic bonding (400 ℃, 
−500 V to glass wafer) were developed for this fabrication.
 The wafer-level packaging was applied to MEMS switches, as shown in Fig. 3.(5)  The 
switch is thermally actuated with a current by using different thermal expansion.  The contact 
surface of the switch could be kept clean because of the wafer-level packaging.  The switch was 
produced to be used in LSI testers by Advantest Corp.(6)  One advantage of the MEMS switch is 
that it is immune to electrostatic discharge.
 Figure 4 shows a capacitive diaphragm vacuum gauge.  This has a thin diaphragm and a 
high-vacuum cavity in it.  A small differential pressure between the two sides of the diaphragm 
is capacitively detected.  A high-vacuum cavity can be realized by placing a nonevaporable 
getter (NEG) in the cavity.(7)  The getter absorbs oxygen gas generated during anodic bonding 
by decomposition of the glass at the interface.  The vacuum gauge was commercialized by 
Anelva Corp.(8)

Fig. 1. (Color online) ISFET: (a) probelike ISFET and (b) catheter pH sensor.  

(a) (b)
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3. Equipment Made in House

 It is advantageous to make process equipment in house.  Figure 5 shows our process facility 
for 20 × 20 mm2 wafers.  Figure 5(a) shows an oxidation/diffusion furnace used for ISFET 
fabrication in 1975.  This was extended to the facility for CMOS ICs, as shown in Fig. 5(b).(9)  
The facility has been used until now, as shown in Fig. 5(c).  The facility has been shared by 
many laboratories and companies, facilitating fusion research and providing an ecosystem for 
commercialization.  Great effort is needed for common use of the facility, but the resultant 
accumulated know-how is worthwhile.
 An example of the equipment made in house is that used for the deep reactive ion etching (RIE) 
of Si.  Figure 6 shows a low temperature deep RIE system(10) and a Si wafer etched through 
for use in a resonating gyroscope.(11)  The deep RIE was presented in 1992, which was 4 years 
ahead of the commercial Si deep RIE.
 The Si deep RIE developed in house played important roles in the fabrication of the MEMS 
gyroscopes, as follows.  The electrostatically levitated rotational gyroscopes shown in Figs. 7 

Fig. 2. (Color online) Integrated capacitive pressure 
sensor.

Fig. 4. (Color online) Capacitive diaphragm vacuum gauge using NEG in a vacuum cavity.

Fig. 3. (Color online) MEMS switch for LSI tester.
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and 8 were developed to detect two-axis rotation and three-axis acceleration simultaneously 
with high precision.  Figure 7 shows a disk-rotor gyroscope in which a Si disk is electrostatically 
levitated by capacitive position sensing and electrostatic actuation in all directions.(12)  The 
wafer-level packaging was applied using the non-evaporable getter (NEG) in the cavity.  This is 
needed to hold the vacuum cavity for high speed rotation of the disk.
 Figure 8(a) shows the structure and photograph of the improved rotational gyroscope.(13)  A 
ring rotor with 1.5 mm diameter is used to increase the lateral electrostatic force.  It is levitated 
electrostatically by high-speed digital signal processing and it rotates at 74000 rpm.  The ring-
rotor gyroscope is not made with wafer-level packaging; it needs a conventional metal vacuum 
package.  The gyroscope, as shown in Fig. 8(b), was commercialized by Tokyo Keiki Inc. and 
has been used as a motion logger for the subway in Tokyo.

4. Heterogeneous Integration

 The heterogeneous integration of MEMS on LSI has been achieved by stacking MEMS on 
LSI.(14)   This enables advanced microsystems.  It is important not to damage the LSI.  One 

Fig. 5. (Color online) Process facility made in house for 20 mm wafer, (a) oxidation/diffusion furnace for ISFET 
fabrication in 1975, (b) facility for CMOS IC in 1985, and (c) facility for heterogeneous integration in 2010.

Fig. 6. (Color online) Low-temperature deep RIE equipment and Si wafer etched through for use in resonating 
gyroscope.

(a) (b) (c)
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Fig. 7. (Color online) Electrostatically levitated rotational gyroscope (disk-rotor type) made by Si deep RIE and 
wafer-level packaging with a vacuum cavity.

(a) (b)

method is to transfer the MEMS fabricated on a carrier wafer to an LSI wafer.  This method 
is categorized as wafer-level transfer, explained below (Sect. 4.1), and chip-level selective 
transfer (Sect. 4.2).  The other method is to stack a MEMS wafer and an LSI wafer.  Electrical 
connection is made using a TSV formed in the MEMS wafer (Sect. 4.3) or the LSI wafer (Sect. 4.4).

4.1 Wafer-level transfer of MEMS on a carrier wafer to an LSI wafer

 MEMS switches made of a piezoelectric bimorph were transferred to an LSI.(15)  The 
fabrication process and a photograph are shown in Figs. 9(a) and 9(b).  Lead zirconate titanate 
[Pb(Zr,Ti)O3, PZT] made by the sol-gel method was used as the piezoelectric material.  PZT 
requires high-temperature (750 ℃) annealing, and for this reason, MEMS must be fabricated 
on a carrier wafer so as not to damage the LSI.  The wafer-level transfer was used to fabricate 
a boron-doped diamond electrode array (20 × 20) on an LSI for amperometric measurement.(16)  
The diamond requires a high temperature (800 ℃) for its deposition, and for this reason, the 
wafer-level transfer process is needed.

Fig. 8. (Color online) Electrostatically levitated rotational gyroscope (ring-rotor type); (a) structure and 
photograph and (b) motion logger using the rotational gyroscope.
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4.2 Chip-level selective transfer of MEMS on a carrier wafer to an LSI wafer

 Multiple SAW filters were formed on an LSI chip by a selective transfer process.(17)  The 
process and the multiple SAW filters on the LSI are shown in Figs. 10(a) and 10(b).  The SAW 
filters fabricated on a LiNbO3 wafer are bonded to a glass carrier wafer using a photoresist 
and diced.  After Au–Au bonding using bumps, selective laser debonding is accomplished by 
carbonizing the resist.  SAW filters with different resonant frequencies are transferred to the 
same LSI wafer and residual SAW filters on the glass carrier wafer are transferred to another 
LSI wafer.  Tunable bandwidth SAW filters were fabricated by bonding variable capacitors to 
a LiNbO3 wafer via selective transfer.(18)  The variable capacitors are ferroelectric capacitors 
made of barium strontium titanate [Ba(SrTi)O3, BST], the capacitance of which can be 
controlled by applied voltage.

4.3 Stacked MEMS wafer and LSI wafer with TSV in LSI wafer

 Distributed tactile sensors (tactile sensor network) are required on the skin of nursing care 
robots to ensure collision safety.  The structure and a photograph are shown in Fig. 11(a).(19)  
Each tactile sensor is capable of packet communication, as shown in Fig. 11(b).  MEMS wafers 
for capacitive force sensing are bonded on an LSI wafer, which has a TSV.  Diced chips are 
connected to a flexible cable with a common bus and power supply.

Fig. 9. (Color online) PZT MEMS switch on LSI; (a) fabrication process and (b) photograph.

(a) (b)
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Fig. 10. (Color online) (a) Selective transfer process with laser debonding and (b) multiple SAW filters on LSI 
formed by the selective transfer process.

Fig. 11. (Color online) Tactile sensor network; (a) structure and photograph and (b) packet signal for asynchronous 
communication using common bus.

(a) (b)

(a) (b)

4.4 Stacked MEMS wafer and LSI wafer with TSV in MEMS wafer

 Digital fabrication of an LSI by maskless lithography is expected for cost-effective small-
volume production and efficient development.  Massive parallel electron beam (EB) write 
(MPEBW) systems, which have a 100 × 100 active matrix electron emitter array, are under 
development.(20)  The electron emitter is made of nanocrystalline Si (nc-Si).  The nc-Si is formed 
by anodizing Si in HF solution followed by electrochemical oxidation.  The nc-Si consists of 
cascaded tunnel junctions.  Accelerated ballistic electrons are emitted through a thin (10-nm-
thick) Au layer at a low voltage (10 V).  The structure of the active matrix electron emitter and 
photographs of the cross section of the nc-Si emitter and the driver LSI are shown in Fig. 12(a).  
The nc-Si emitter wafer is stacked on an LSI wafer and has a TSV for electrical interconnection 
to the LSI.  Figures 12(b) and 12(c) show a photograph of a prototype and the structure of the 
MPEBW system, respectively.  The prototype is constructed laterally to facilitate modification.  
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5. Conclusions

 Our MEMS activities were initiated for the development of ISFETs 46 years ago in 
1971.  The process facility for 20 mm wafers was made in house and has been used up to 
now.  The facility was used for fabricating CMOS ICs until 1992.  Wafer-level packaging by 
anodic bonding was applied to various MEMS for commercialization.  Taking advantage of 
the high degree of integration of LSI, advanced microsystems can be expected by applying 
heterogeneous integration.  The LSI used are currently made in a foundry, but we have been 
reducing the manufacturing cost by sharing the wafer with 16 noncompetitive companies.

Fig. 12. (Color online) Massive parallel EB write system; (a) active matrix nc-Si electron source, (b) photograph of 
the prototype, and (c) MPEBW structure.

(a) (b)

(c)
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