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Sensors and actuators play a key role in a control and measurement system. Recent progress
in silicon micromachining technology has succeeded in fabricating various three-dimensional
microstructures in a silicon substrate. Silicon has also been well known as a good material suit-
able to mechanical structures due to its excellent mechanical properties. These features lead the
silicon microsensors and microactuators to having higher-performance, as well as being smaller
in size, than ones which used to be fabricated before. By integrating control and detection cir-
cuitry on the same chip as sensors and actuators, less than a millimeter-sized in an overall, a
highly functional mechanical system is expected to be realized, which will have a wide applica-
tion in use for down-sizing portable equipment and medical surgery tools etc. This dissertation
describes a study on several critical issues related to silicon sensors and actuators: design as to
material and structure selection, manufacturing, and detection and drive circuitry for silicon
capacitive microsensors and electrostatic microactuators. Capacitive detection and electro-

static driving methods have been chosen from system consideration in a micron size range.



These selected methods are suitable to making a system smaller, simpler and more effective:
Structure similarity of electrostatic microactuators to capacitive microsensors is very useful to
simplify an overall system. Good isolation thin films are commonly used in silicon IC process.
In a range of less than 5 #m, a high electrostatic field (3X10*V,/m) can be used, which corre-
sponds to such a strong force as the magnetic drive force.

At an initial stage in designing the silicon sensors and actuators, knowledge regarding me-
chanical properties, Young's modulus and residual stress, is essential. A novel measurement
technique has been developed, which is based on the rapid collapse of a doubly-supported beam
on exerting an electrostatic force load. Only the electric measurement of a pull-in voltage, caus-
ing the beam of collapse, provides a value of Young's modulus and residual stress in a thin
layer. Preliminary measurement for a heavily boron-doped silicon layer has shown that
heavily-boron silicon has a Young’s modulus of 2.2X10%dyne,“cif (309 higher than that of
non-doped bulk silicon) and a residual stress of 1.83 X 10%dyne,“caf. Since the test structures
occupy a small area, they can be integrated on the same chip as the sensor and actuator chips,
providing a test vehicle for process condition monitoring.

Based on thorough knowledge regarding mechanical properties of thin layers, three kinds of
capacitive sensors have been developed: pressure sensor (single transducer element), array sen-
sor, and active array sensor.

1) The capacitive pressure sensor form is that of a silicon pressure-sensitive thin diaphragm
structure bonded onto a glass substrate. A Imm square, 3~10 ym thick, silicon diaphragm
with a bossed structure on the center has been fabricated, using a deep boron-diffused etching
stop technique in conjunction with silicon anisotropic etching technique and silicon-to-glass elec-
trostatic bonding. A small diaphragm deflection in proportion to the pressure is detected by
measuring the change in capacitance between a silicon diaphragm plate and a metal plate on a
glass. The capacitive sensor has been found to have higher sensitivity and more stable tempera-
ture dependence than piezoresistive ones. The temperature dependence for the capacitive pres-
sure sensor has as small a value (60ppm, °C) for offset temperature drift as that for
sensitlvity in a fabricated CMOS integrated piezoresistive pressure sensor that was carefully
trimmed according to measurements on its temperature characteristic. More important, indi-
vidual sensors have uniform characteristics due to their simple structure, thus producing a very
high yield. Switched capacitor-based detection circuitry has been found to greatly suppress the
parasitic capacitance induced through the signal line, providing the minimum detectable resolu-
tion for a capacitance change as small as 3fF even in the form of hybrid circuitry. ,

2) A 1024 (32%32)-element capacitive array sensor has been fabricated on the basis of the
good knowledge of the capacitive pressure sensors. Individual silicon sensors, having a novel

doubly-supported beam structure bonded on a glass substrate, are arranged in an X-Y matrix on



0.5mm centers. The imager chip is fabricated by wet hybrid micromachining: The silicon trans-
ducer elements are patterned using deep boron diffusion and bonded on a glass substrate, fol-
lowed by the silicon wafer dissolution process, which etches an overall silicon wafer except for
a boron diffused area. This process features 1) single-sided wafer processing for standard sili-
con wafers, 2) only four noncritical masking steps for the silicon and two for glass, 3) low-
resistance batch lead transfers between silicon row lines and metal lines on glass, 4) very high
yield and uniformity in a highly reproducible process, and 5) very high density. Individual force
transducer elements in the array have a measured sensitivity of 0.27pF “gf ~element with a
maximum operating force of about 1gf. The imager, together with the readout circuitry based
on a switched capacitor, offers an overall force resolution of 6bits and can be read out at a
15-20 1 sec.”element rate, thus offering a 5.1msec total frame rate using four parallel readout
circuttries. This silicon-glass structure has been compared with the polysilicon surface or sili-
con fusion structures from the view points of process complexity and the scaling behavior con-
cerning sensitivity and resolution. The result indicates that the silicon-glass structure offers
the simplest process, has the highest yield and can provide resolution and required for a wide va-
riety of applications. In addition, the coupling effect of packaging related to a glass substrate
and a thin plastic film cover has been studied by calculating the cross-talk among individual
transducer elements, using a SPICE model. The results have shown that a glass substrate iso-
lates adjacent transducer elements very well and that the coupling through a plastic cover is
very small: The transient response due to the substrate bounce voltage is less than 50nsec even
for a 1 g#m thick polymer covered with an aluminum layer. The high-density tactile imager is
expected to find a practical application in use for enabling robots to implement parts orienta-
tion and identification, bin picking, and sorting, in use for prosthetic gloves used by the handi-
capped, and in use for finger print detection.

3) A silicon electrostatic ultrasonic transducer has been studied as an example of an active
capacitive sensor. The sensor utilizes an electrostatically-generated elastic film vibration to
send an ultrasonic wave to a targeted object.” It subsequentially receives an ultrasonic wave re-
flected from the targeted object, which is electrically detected on the basis of a capacitance
change measurement. Individual transducer elements performa.nce is strongly dependent both
on the size of the holes formed under the vibrating film and the thickness of the isolation layer
between the two metal electrodes. One is formed on the film, while the other is patterned on the
silicon substrate. The size of individual holes is precisely fabricated using silicon anisotropic
etching. The thickness of the isolation layer is precisely defined using a silicon dielectric layer
formation, providing a very small distance and good isolation between the two electrodes. The
process is very simple and suitable to an array sensor. More importantly, the sensor structure

operated in the transmitter mode is very similar to one worked in the receiver mode, where only



a circuit connection to the sensor is different. This simplicity is obtained due to the feature of
structure similarity for the capacitive sensor to that for the electrostatic actuator. The tran-
sition between the two modes is carried out during the transition time when the ultrasonic wave
is transmitting between the transducer and the targeted object. The transducer with a 1 yum
thick insulator and 5320-element 40 X40 #m squared holes offers the sending sensitivity of
19.1dB (0dB=1 gbar, V) at the vibration frequency of 150kHz and the {lat receiving sensitiv-
ity of approximately 0.47TmV_“Pa in a wide {requency range, 10~130kHz. Note that such a high
sensitivity has been achieved under as low as a 30V bias. The transducer doesn’t provide such
a long ringing in the transient characteristic as that of a conventional piezoelectric device, of-
fering such a short minimum detectable distance range as 1.7cm. A linear array of transducer
elements can carry out an electrostatic sector scanning using the phased array principle. A pre-
liminary experiment has shown that the main beam direction can be scanned in the £42 degree
range using a 100kHz ultrasonic wave, while keeping half-power beamwidth of the main lobe at
9.0 degrees. This ultrasonic transducer is expected to be used as a proximity sensor enabling ro-
bots to achieve a function of collision free movement and accurate approach to a targeted ob-
ject.

The vibration of a thin polymer film in the ultrasonic transducer has a movement vertical to
the substrate surface with a small limited range (less than 1 #m). The movement lateral to the
surface with a large distance is realized by silicon microactuators, which are driven by the elec-
trostatic force. Several kinds of silicon microactuators were studied mostly focused on their
fabrication technology. On the contrary of a well-known polysilicon surface micromachined
micromoter, in this research, a novel fabrication process has been developed for microactuators
with much thicker (~20 #zm) structure. The microactuators are fabricated by etching a single-
crystal silicon wafer and bonding it on a glass substrate. The critical narrow gaps between ro-
tors and stators are formed to be less than 1 ;£m using anisotropic dry etching and, following
the silicon-to-glass electrostatic bonding, silicon wafer dissolution process (dry hybrid
micromachining). This process offers an acute vertical wall, while the wet hybrid
micromachining forms a rounded shape suitable to sensor structure. A silicon linear
microactuator (120 £ m wide, 655 ¢ m long, and 10 #zm thick) and a 50 #£#m diameter rotational
micromotor have been fabricated using the new process. They have been found to successfully
move by the electrostatic force generated by electrostatic voltage. The silicon microactuators
represent the first single crystal silicon actuators that are fabricated without any aid from in-
dividual parts assembly.

The sensor, actuator and circuit fabricated in silicon features very small size and excellent
performance. Due to the structure similarity between the capacitive sensor and the electro-

static actuator, the device structure is greatly simplified. The elaborate combination of these



three components is expected to offer a high-performance micro electro mechanical system
(MEMS) in the near future. It will be used as a key device in diagnosis and treatment in a small
opening tube in a machine or i a human body without serious damage and in use for
magnetic, optical disc head or an automatic aligning and focusing scanner in optical equip-
ment. Such a silicon technology-based microsystem will be developed towards the achievement

of an “intelligent” micro system in the future.
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