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ABSTRACT cromachined flaps to the upright position. External magnetic

In this paper we present a novel method for batch assembgrces can be used to actuate surface micromachines either by
of polysilicon hinged structures. The method uses ultrasoni assing current through them (Lorentz forcéf)for by de-

vibrations generated with an attached piezoelectric actuator tBOS't'ng magnetic matgrlal on therh]]. Yet another_approach
vibrate polysilicon plates on silicon nitride or polysilicon sur- 'S 1© use electro-chemical forces to assemble micromachined
faces. We believe that the rubbing between the substrate ampX€s In électrolyte solutiorip]. _ _

the structures creates contact electrification charge that results | '€ Method presented here does not require special pro-
in hinged flaps to be stabilized vertically on the substrate at el¢=€SSing, nor does it consume any chip surface area. The ultra-
vated temperatures. Furthermore, the ultrasonic triboelectricitynic Pulses required to assemble the surface micromachines
is shown to be the most likely explanation due to the observed'® Provided from the back of the silicon die using a piezoelec-
“memory effect” in which assembly occurs even without fur- tric plate (PZT-4H, Lead-Zirconate-Titanate). We have previ-
ther ultrasonic actuation after the initial ultrasonic assemblyQUSly reported on the use of stress pulses to release and ac-
This method has been used to batch assemble an array of hing&gte surface micromachined beams, flals§ pnd micromo-

flaps, retroreflectors, and plates with retaining springs. tors [14]. Since the actuation is done from the back of the
die, no electrical connections to the front surface are required
INTRODUCTION and interconnectless actuation of sealed micromachines is pos-

This paper reports on the initial investigation and use of ul-SiPle. In this paper we report on the use of similar SiI/PZT
trasonic triboelectricity (frictional charging) to actuate and as-COMPposite but a different actuation principle to assemble and
semble polysilicon surface micromachines. In the past, differ@ctuate polysilicon surface micromachines. _Instead_of using
ent methods have been proposed for micromachine assembff'€SS pulse momentum transfer, we use triboelectric charge
Two different approaches can be taken: 1. The micromachine_%e”erat'on for electro_statlc actuation: The.FfZT plate is driven
can either be fabricated with a single process with the assenfl) the MHz range which cause the PZT, silicon substrate and
bly being the final step. 2. The micromachine parts can be faRolysilicon m!cromachlnes to vibrate. Resulting friction be-
ricated with multiple parallel processes with the final step offtWeen polysilicon structures and the substrate causes surface
combining the parts from the different processes. Examples dfticromachines to charge and lift due to the repelling of like
the latter approach are the integration of GaAs lasers on matcifharges. Also, the charge repulsion effectively stabilizes the
ing silicon slots using fluid carrierd], fluid assembly micro- surface micromachined flaps to the upright position and nearly
machines using shape matching and patterned self-assembl@%rfeCt_y'eld over _the entire die area can be achieved barring
monolayers 2], and laser driven release of components fromflaps with mechanical defects.
one wafer to the Qesired ppsition on an_other walpr [—iqw- EXPERIMENTAL SETUP
ever, the economics and yield of polysilicon surface microma-
chining have made the integrated process approach more pop- After release and critical point drying the silicon die con-
ular. For example several optical components (mirrors, diffractaining MUMPS fabricated micromachines was mounted on
tion gradings and Fresnel lensed) §nd suspended RF induc- a 500um thick piezoelectric plate (PZT-4H, Lead-Zirconate-
tors [B] have been made by folding or lifting surface microma- Titanate) using a cyanoacrylate adhesive. The sample was
chined polysilicon structures above silicon substrate enablinglaced in a vacuum chamber and the PZT was actuated by
3D structures. In this paper a new approach of using ultrasoniapplying a swept frequency signal with 3-2@a/amplitude.
vibration induced triboelectricity to assemble polysilicon 3D High frequency (2-4.5 MHz) signal excites several modes of
structures is presented. the PZT/silicon sandwich with most of the vibrational energy

Several different assembly methods have been proposed fbeing in the thickness direction. The low impedance of these
surface micromachines. The structures can be assembled maesonances result in significant heating of the PZT. Low fre-
ually using a probe tip, but due to the delicate nature of thequency (100kHz to 1 MHz) excites the bending like modes of
structures and cost of manual assembly, more automated attoe PZT/silicon composite with much less heating due to higher
economic solutions are being investigated. One way is to usinpedance of these resonances. The swept frequency actuation
on-chip electrostaticq] or thermal actuators7]. This is at- was chosen to avoid the need for tuning at the PZT resonances.
tractive especially if the resulting devices need to be actuateAlthough the electrode configuration did not affect the exper-
during the device operation. A major drawback is the large diemental outcome, the top PZT electrode was connected to the
surface areas consumed by the actuators. Other methods hay®und potential to reduce the possibility of parasitic field ef-
been proposed that use special processing or external actufacts on the micromachines (Figure 1). A miniature 34 gauge
tion forces. Thermal shrinkage of polyimide in V-groov& [ thermocouple was adhesively mounted on the PZT top elec-
and surface tension of wet sold®} have been used to lift mi- trode to monitor the sample surface temperature.
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Figure 1. Sequence of actuation. a) Ultrasonic vibra-
tions charge the polysilicon parts and heat the PZT. b) Elec

trostatic repulsion forces the hinge up. c¢) Venting induced ai

ultrasound.
RESULTS

In this section experimental results are presented. First

overview of the experiment is given followed by detailed anal-

ysis of the assembly.

Assembly of structures
The experimental procedure is shown in Figdre The

r
flow causes the flap to lower. d) Surface charge remains on th
flap and lowering the pressure will raise the flap again with no

flap angles. The flaps at the edge are in a small angle.

impulse transfer. Also, the low frequency actuation did not sig-
nificantly heat the sample due to much lower power dissipation
in PZT. The measured temperature increase was witA@. 1

Further insight to the memory effect was obtained by com-
bining the high and low frequency actuation. The flaps were
assembled to the vertical position using the high frequency sig-
nal. Next the low frequency signal was applied to vibrate the
flaps. If this rattling signal was applied immediately after the
high frequency assembly, the flaps would stay up even though
they would visibly shake 5-15 degrees around the stable point
‘of upright position due to momentum coupling at the hinge.
However, after 30-60 s the rattling force would knock the sam-
Sles down and the temperature had returned to room tempera-
ture.

Based on these initial observations, it was postulated that
the assembly is due to triboelectric charging. The charging is
due to the ultrasonic vibration induced contact electrification at

e plate-substrate interface. The repelling of like charges ef-
fectively stabilizes the flaps at an upright position as shown in
Figure2. We believe that the charge is mobile due to the surface
defects and the charge readjusts to balance the flap as shown in
Figure1d. The flaps on the edge of the die were observed to

parts were first actuated in ambient pressure using a high fré&tand at a small angle in agreement with this hypothesis. After
quency (2-4.5 MHz) signal with the mean voltage of 5-1%V  the high frequency ultrasound was turned off, the charge de-
The actual instantaneous voltage across PZT varied because@#yed with time and flaps would come down if disturbed by air
the frequency dependent impedance of the PZT and the oulow or the small frequency vibrations.
put impedance of the generator (&). The mean value was An attempt to visualize the charge with a SEM was made
recorded using an oscilloscope. The substrate vibrations tranBlacing the entire structure inside the SEM. Parts were success-
ferred momentum to the surface micromachines which was eJllly assembled at low magnification and low beam current at
ident from a rattling observed under a microscope. However@ vacuum of 410-° Torr. The low magnification did not allow
at atmospheric pressure they would not lift up due to air dragneasurement of the charging effect. Unfortunately, at larger
on the flaps I3]. As the pressure was lowered to about 1 Torrmagnification the flaps were excessively charged by the beam
with the ultrasound still on, the hinged polysilicon flaps werecurrent and were stuck, most likely due to the mirror charges in
lifted up. At this stage, the PZT surface temperature was medhe substrate.
sured to be 70-128C due to the heating of the PZT depending Ultrasonic power and temperature effects
on the drive voltage. The flaps stayed up indefinitely even af- Figure3 shows the effect of ultrasonic power on the assem-
ter the samples were brought back to the atmospheric pressutsly for high frequency actuation. At voltage levels less than
However, if the venting was done rapidly, air flow was able t04.5 Vpp the parts failed to assemble. As the voltage was in-
knock the flaps down. Surprisingly some of the flaps would risecreased, assembly was observed with correspondingly shorter
back up again as the pressure was lowered even in the absenirae. With further increase, the time to assemble saturated to a
of the ultrasonic actuation! We believe this “memory effect” few seconds.
to be a new novel phenomena. The memory effect shows that Figure4 shows the time span of the memory effect. The
the assembly is due to a force other than the direct ultrasonifaps were assembled in vacuum with the high frequency sig-
actuation. The memory effect wore off after two or three vent-nal, knocked down with air venting, and assembled again in
ing cycles and the flaps would remain down showing that thezacuum. The first assembly took about 21 s. If the dormant
memory effect is not permanent. At this point the sample temtime between two assembles was small, the flaps would rise up
perature had also been lowered to room temperature. immediately with the applied high frequency signal during the
Low frequency (100 kHz to 1 MHz) actuation did not yield second assembly. After 45 s dormancy, the second assembly
similar results. At low voltages the flaps rattled but increas-time would increase with increasing dormancy time and even-
ing the voltage in vacuum caused the flaps to bounce fronwally it saturated at 21 s.
side to side without preferring the upright position as a sta- Figure5 shows the PZT surface temperature as a function
ble point. The actuation mechanism here is due to the direatf time for a typical experiment. The sample was first actu-
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of the charge is a likely explanation.

To further clarify the effect of the temperature, the sample
was mounted on a heater inside the vacuum chamber. Heat-
ing the sample without the ultrasound showed no flap move-

600 ment indicating that heat alone cannot actuate the flaps. Next
the PZT temperature was set to 120. As expected, immedi-
400 ately after the high frequency assembly, low frequency rattling

was not enough to knock the parts down. However, if the low
frequency signal was applied after 30 minutes of dormancy at
120°C, all the flaps would fall down. This indicates that the

0| -a

Time to assemble %50 of the flaps [s]

ST T T memory effect is not caused by high temperature alone. On
Average Driving Voltage [Vip] the other hand, charge decay over time can still occur at high

Figure 3. Time to assemble 50% of the flaps versus meaitemperature. Furthermore, after initially falling down, the flaps
actuation voltage started to rise up again even with the low frequency, low power

actuation signal. It should be noted that this rattling signal was
too small to cause further heating but might be large enough
A to cause charging once the® molecules have been removed
with the heat. This supports the theory that higher temperature
is only needed to remove moisture of the surfaces and that the
actuation force itself is electrostatic.

ASSEMBLY OF FLAP STRUCTURES
, For permanent gssembly one requires the assembled struc-
Memory effect| No memory tures to stay in their final position even after the memory ef-

t | effect . . .
prosem | =ee fect goes away. Therefore different structures with locking
mechanisms were also fabricated. Such locking structures have

N
ol

N
o

[
(4]

iy
o

&)

(=]

Time to assemble %50 of the flaps [s]

O B e time betwemn actgogtionl[gg 140 been used extensively in manual assembly procedisie The
Figure 4. Time to assemble 50% of the flaps versus dormangt/uctures would stay up even after the triboelectric effect wore
time between actuation off. Figure 6 shows examples of assembled flap arrays and

retroreflectors. One observed problem was that locking latch

9 also stayed up due to charge repelling. This can be solved by

C%lﬁf’ High frequency | Low frequency using a spring latch anchored to the substrate. Nearly 100%

S0 drive | drive assembly yield was obtained in 30 s as shown in FigurEhe

3120 flaps that failed to assemble were either not released properly

K100 during the release process or jammed in the retaining lever.

o . N

S &0 These problems may be solved with more careful device de-

e sign.

€ CONCLUSIONS

% 20 We have demonstrated a novel method of batch assembly of

- hinged polysilicon flaps. The method relies on electric charge
0 0 Time s 150 generated between the hinges and the substrate due to ultra-

Figure 5. Recorded PZT temperature versus time sonic vibration induced rubbing. The residual oxide on polysil-

icon flaps and the insulating silicon nitride are believed to retain

ated using high frequency swept signal that heated the sampéharges after contact electrification. A swept frequency drive
and assembled the flaps. Next low frequency signal was amf the piezoelectric plate allowed a robust method to generate
plied with low voltage level sufficient only to shake the sample.motion of the micromachines without the need for a tuning cir-
The temperature rise and fall time was found to correlate verguitry. The heat generated in the PZT/Si laminate is believed to
accurately to the assembly time and duration of the memorgrive away charge shielding molecules on the sample surfaces.
effect with flaps falling down as the temperature decreased t@he unshielded charge and its redistribution due to surface mo-
less thanv50°C. bility cause the flaps to be stabilized in the vertical position.

Two explanations are possible to explain the measured datahe dual role of temperature and ultrasonic actuation was clar-
The heating could drive away the moisture that shields théfied by experiments that showed that the assembly could not
charged surfaces or the heat might cause local pressure diffdake place with only higher temperature or actuation. Further
ences and air streamingg]. It is well established that for pres- experiments using electrostatic AFM probes to measure the na-
sures less than/2 atm, only a monolayer of #0 molecules ture and location of the charge creation are underway to quan-
remain on a glass surface. Furthermore, quantity of the akify and validate the role of ultrasonic triboelectricity for mi-
sorbed HO decreased by order of magnitude with temperatur&eromachine assembly. In addition to the significance of surface
increase from room temperature to 280 Hence, the scenario charges for assembly, this paper also points towards possible
of PZT heating leading to the @ desorption and unshielding hazards of surface charging in MEMS structures.
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Figure 6. Examples of assembled devices: Array of assembled micromachined flaps, polysilicon corner cube reflectors
(200x200um) with lock-in structure, and “micro-art” Wisconsin banner. Lower right shows a flap with a retaining spring latch
anchored to the substrate.

Figure 7. Snapshots of a flap array assembly (50x200um flaps, 10x5 arry). 1. Flaps are vibrating on the surface. 2-4 charged
flaps are lifting up. 5. All but one flap are lifted (SEM photo identified the problem to be a dirt particle).
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