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Abstract

Pb(Zr,Ti)Os (PZT) thin films are attractive for the application to MEMS-based
microsensors. PZT thin films can act as sensors and actuators through direct and
indirect piezoelectric effect. Moreover, it is possible to integrate the piezoelectric
thin films for sensor and actuator.

The present study describes MEMS-based electrostatic field sensors using PZT
thin films as displacement sensors and vibration actuators. The self-sensitive pie-
zoelectric microcantilevers have Pb(Zr, Ti)Os (PZT) thin films for sensor and actu-
ator. The MEMS-EFS were fabricated through sol-gel deposition of PZT thin
films and MEMS microfabrication process. An output voltage of the PZT thin
films for sensor was found to be proportional to the displacement of the
microcantilevers. Self-excited vibration of the microcantilevers has been achieved
by amplifying and forwarding the output voltage of the PZT thin films for sensor
with a band-pass filter circuit. The developed MEMS-EFS can evaluate an
electrotatic field of -3 to 3 kV with good linearity.

Keywords: piezoelectric, PZT, MEMS, electrostatic field sensor

1. Introduction

Pb(Zr,Ti)Os (PZT) thin films are attractive for the application to MEMS-based
microsensors. PZT thin films can act as sensors and actuators through direct and
indirect piezoelectric effect. Moreover, it is possible to integrate the piezoelectric
thin films for sensor and actuator. The present study describes MEMS-based elec-
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trostatic field sensors using PZT thin films as displacement sensors and vibration
actuators.

Electrostatic field sensors (EFS) are mainly applied for monitoring the electro-
static field on the exposure drum of copy machines and on the semiconductor wa-
fers and flat panels processed in clean rooms. Miniaturization of EFS through
MEMS technology can realize arrayed EFS, which enables 2D-mapping of elec-
trostatic field. MEMS-EFS also realize integration with temperature, humidity and
particle sensors, which are capable of multi-sensing wireless sensor nodes for
monitoring clean rooms. Although MEMS-EFS based on thermal or electrostatic
actuation have been developed [1,2], thermal noise and high voltage derived from
such actuation interfere precise measurement of an electrostatic filed. Thus,
MEMS-EFS should be based on piezoelectric actuation as well as commercially
available ones.

EFS have probes to detect electrostatic field. The relation between the voltage
of electrified bodies Vs, the surface of the probes S and the charges induced on the
probe Qs is expressed as

L, (1)

where &ir and & are permittivity of air and vacuum, L is the distance between the
probes and electrified bodies. Since it is difficult to measure Qs under DC condi-
tion, EFS measure Vs by modulating S or L. Commercially available EFS modu-
late S by the shutter driven by Pb(Zr,Ti)O3 (PZT) ceramics.

In the previous study, we reported MEMS-EFS, which integrate the probes to
detect electrostatic field and PZT thin films for actuator into microcantilever [3].
Using the developed MEMS-EFS, we demonstrated the measurement of electro-
static field by modulating L with vibration of the microcantilevers driven at their
resonant frequency. Since the resonant frequency can be varied by the intensity of
electrostatic filed and environmental conditions such as temperature and humidity,
the microcantilevers should be operated by self-excited vibration [4] so that the
microcantilevers follow the variation in resonant frequency.

We have already developed self-sensitive piezoelectric microcantilevers, which
have PZT thin films for sensor and actuator (sensor PZT and actuator PZT) [5,6].
Then, we have developed MEMS-EFS composed of the probes to detect electro-
static field and the self-sensitive piezoelectric microcantilevers. We have also de-
veloped the electronic circuit for self-excited vibration using a band-pass filter.
We have successfully demonstrated the measurement of the electrostatic field of -
3 to 3 kV with the developed MEMS-EFS operated by self-excited vibration of the
self-sensitive piezoelectric microcantilevers.



MEMS-based microsensors using piezoelectric thin films ... 39

2. Design and working principle

Figure 1 illustrates the design of the MEMS-EFS developed in the present
study. The MEMS-EFS consist of the probes to detect electrostatic field (EFS-
probe) and the self-sensitive piezoelectric microcantilevers. The microcantilevers
have sensor and actuator PZT. The surfaces of the EFS-probe are located toward
electrified bodies as shown in figure 2. When the distance L is varied at the ampli-
tude of / and frequency of f by the actuator PZT, the charges generated on the
EFS-probe QO are also varied as

S

=c.&——V.
Q=€  L+1sin27ft )

Assuming L>>/, equation (2) can be approximated as
0, =gsin27ft +Q, ) 3)

This equation means that the charges on the MEMS-EFS are modulated at the am-
plitude of g. Assuming g = rQs, eq. (3) is expressed as

Q, =rQ, sin 27t +Q, _ @)
Thus, the amplified output voltage of MEMS-EFS Vers is expressed as

ArQ sin2xft  AQ,
Virs = C + C
total s (5)

total

where A is an amplifier gain and Cuua is the total capacitance of all of the compo-
nents. The amplitude of eq. (5), VErsp is given as

ArQ,
VEFS,pp = C

total (6)

Using eq. (1), eq. (6) is rewritten as

guirgo S/L V

Ct()ml » . (7)

VEFS,pp = Ar

Equation (7) clearly represents that the amplitude of the AC output voltage ob-
tained by amplifying the charge on the EFS-probe is proportional to the voltage of
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electrified bodies. Thus, the voltage of electrified bodies can be evaluated by
measuring the amplitude of Vers.

EFS probe

-

Sensor PZT

ActuatorPZT '

S

Figure 1. Design of the MEMS-EFS developed in the present study., which integrate sensor
PZT, actuator PZT and probes to detect electrostatic field into microcantilevers. EFS
probes are 1 mm-square and cantilever is 1.2 mm-long.

Electrified body

VEFS

21
EFS-Probe

Figure 2. Schematic of the arrangement of the MEMS-EFS and electrified bodies. The sur-
faces of the EFS-probe are located toward electrified bodies

As described above, MEMS-EFS should be operated by self-excited vibration
so that the microcantilevers follow the variation in the resonant frequency due to
change in the intensity of electrostatic filed and environmental conditions such as
temperature and humidity. Figure 3 illustrates the block diagram of the MEMS-
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EFS and electronic circuits for self-excited vibration. In self-excited vibration, the
output voltage from the sensor PZT, which is amplified and forwarded by the band
pass filter, is applied to the actuator PZT. The displacement of the
microcantilevers is determined by the source voltage of the band pass filter (5 V at
present study). By synchronous detection of the output voltage from the sensor
PZT modulated by the band-pass filter and the voltage derived from electric
charges induced on the probes, the MEMS-EFS give the output voltage (EFS out-
put) proportional to the intensity of the electrostatic field. The EFS output is cali-
brated so that the indicator shows the practical voltage of electrified bodies.

Self-excitedvibration

-

Actuator PZT

v

Synchronous
Sensor PZT |" detector
ESF probe amplifier

Electrified body Indicator

Figure 3. Block diagram of the MEMS-EFS and electronic circuits for self-excited vibra-
tion.

3. Device fabrication

Figure 4 shows the schematic cross-section of the fabrication process. The de-
signed MEMS-EFS were fabricated from the multilayers of Pt/Ti/PZT/Pt/Ti/SiO:
deposited on SOI wafers (structural Si: 10 um, buried SiO2: 1 um, substrate Si:
400 pwm) through MEMS microfabrication process [7]. The deposition of the mul-
tilayers started from thermal oxidation of the SOI wafers followed by Pt/Ti bottom
electrodes sputtering. Then, 1.1 wm thick (100)/(001)-oriented Pb(Zro.s2,Ti0.48)O3
thin films were deposited by sol-gel process [8]. Finally, Pt/Ti top electrodes were
sputtered.

After multilayer deposition, Pt/Ti and PZT thin films were etched by Ar-ion
etching (Pt/Ti) and wet etching (PZT) through mask 1-3. Next, thermal SiOa,
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structural Si and BOX were etched by RIE with CHF3 gas (SiO2) and SFs gas (Si)
through mask 4. Finally, substrate Si and BOX were etched from backside to re-
lease the micro cantilevers and EFS probes. Figure 5(a) shows SEM image of the
fabricated MEMS-EFS.

The fabricated MEMS-EFS and amplifiers were mounted on printed circuit
boards, which were covered by metal shield caps with an open hole for the probe
for electrostatic field detection as shown in figure 5(b). The packaged MEMS-
EFS, electronic circuits, and indicators were integrated into plastic cases with dry
batteries as shown in figure 5(c). The indicators display measured electrostatic
field.

¢ (1) Pt/Ti/PZT/Pt/Ti/SiO,

J J
i Y
EFS probe Sensor/Actuator PZT

(4) Backside etching (M5)

Figure 4. MEMS microfabrication process for MEMS-EFS. (1)Pt/Ti/PZT/Pt/Ti/SiO: depo-
sition on SOI wafer, (2)Pt/Ti, PZT, Pt/Ti etching (Mask 1-3), (3)Cantilever and EFS probe
patterning (Mask 4), (4) Backside etching (Mask 5).
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Figure 5. (a) SEM image of fabricated MEMS-EFS. (b) MEMS-EFS packaged by printed
circuit board and metal shield cap. (c)Overview of pencil-type device. EF'S is mounted on

the top of pencil and electronic circuit is packaged in plastic case. Indicator displays
measured electrostatic field.
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4. Test and results

In order to achieve self-excited vibration, the output voltage of the sensor PZT
should be proportional to the displacement of the microcantilevers. Thus, we in-
vestigated the relation between displacement of the microcantilevers and the out-
put voltage of the sensor PZT by using the similar setup reported in our previous
study [5].

AC voltages of 2-10 V,,, with 2.5 V of DC bias were applied to the actuator
PZT by using a function generator (Tektronix AFG3022, USA). The tip displace-
ment of the vibrating microcantilevers was measured by a laser displacement me-
ter (Graphtec AT1100, Japan). The output voltage of the sensor PZT was directly
measured by a digital oscilloscope (Tektronix TDS2004B, USA) by using the AC
voltages applied to the actuator PZT as a trigger. The waveforms of the
microcantilever displacement and the output voltage of the sensor PZT were sim-
ultaneously recorded by the digital oscilloscope.

As shown in figures 6(a) and (b), the output voltage of the sensor was found to
be proportional to the microcantilever displacement under both non-resonant
(1450 Hz) and resonant conditions (1875 Hz). We have also characterized the re-
lation between the output voltage of the actuator PZT and sensor PZT. Figure 7
shows the output voltage of the sensor PZT, in case the actuator PZT is vibrated
under resonant condition (1875 Hz) at 5 V,,, by the function generator. The output
voltage of the sensor PZT is 0.12 V, and delays 90 degree compared to the actua-
tion voltage. Figure 8 shows the output voltage of the sensor PZT and that modu-
lated by the band pass filter. The result shows that the output voltage from the sen-
sor PZT is forwarded 90 deg. and amplified to 10 V,, which indicates the
achievement of self-excited vibration.

We have measured an electrified body by using the pencil-type device shown
in figure 5 (c). The amplifier shown in figure 3 is tuned so that the indicator shows
accurate voltage of the electrified body, where the distance between the MEM-
EFS and the electrified body should be 30 mm. Figure 9 shows the measurement
results. The output of the electrostatic field sensor (EFS output) displayed on the
indicator has shown good linearity to the electrostatic field of -3 to 3 kV as we can
see in figure 9.

pp>
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Figure 6. Relation between the microcantilever displacement and output voltage of the sen-
sor PZT under (a) non-resonant and (b) resonant conditions.
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Figure 8. Input voltage into the actuator PZT obtained by amplifying and forwarding out-
put voltage of the sensor PZT by band pass filter and output voltage of the sensor PZT
(0.098 V). The result indicates that the microcantilever is under self-excited vibration.
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Figure 9. Output of the electrostatic field sensor (EFS output) as a function of the voltage
of electrified body.

5. Conclusion

We have developed MEMS-based electrostatic field sensors composed of the
probes to detect electrostatic field and the microcantilevers with PZT thin films for
sensor and actuator. The MEMS-EFS were fabricated through sol-gel deposition
of PZT thin films and MEMS microfabrication process. We have also developed
electronic circuit using the band pass filter for self-excited vibration of the micro
cantilevers. Self-excited vibration of the micro cantilevers has been achieved by
amplifying and forwarding the output voltage from the sensor PZT with a band
pass filter. By synchronous detection of the output voltage from the sensor PZT
modulated by the band-pass filter and the voltage derived from electric charges
induced on the probes, the MEMS-EFS give the output voltage proportional to the
intensity of the electrostatic field of -3 to 3 kV with good linearity.
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