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ABSTRACT 
' A  surface micromachined micro magnetic actuator(a1so 

called a magnetic flap) as an integrated part of an active 
a microelectronics compatible process also makes it an 
reasonable choice for MEMS. 

micro electro-mechanical fluid control system is described 
here. The flaps are fabricated by surface micromachin- 
in$, technology and are capable of achieving large deflec- 
tio/ns(above 100pm) with magnetic forces in stationary 
aii. Special microfabrication issues involved in fabricat- 
in magnetic flaps with large areas are discussed. Me- 

tripsic stresses of thin film materials and frequency re- 
spbnse, are presented. Thermal actuation is capable of 
prbducing large flap displacements and has been theoret- 
icdlly and experimentally studied. 

ch { nical characterizations of the flaps, including the in- 

I 

I INTRODUCTION 
~ Magnetic actuation, compared with electrostatic driv- 

in1 mechanisms, can have the advantage of providing 
stronger forces over a longer distance[l,2]. Electromag- 
ndtic driving can be utilized in many different configura- 
ti ns[3,4], even in combination with electrostatic forces[5]. 

lot(e.g. 50/50 FeNi) has dramatically increased the power 
of ielectro-magnetic driving and the efficiency of magnetic 
ac~uators[6,7,8,9]. Here, we emphasize the study of the 
magnetic actuation using a surface micromachined mov- 
ink coil. 

Figure 1 shows the perspective and cross-sectional view 
of a typical magnetic flap, which consists of a magnetic 

T i , e introduction of electrochemical deposition of permal- 

located on top of a flap hinged by two cantilever 
ms on one side. Our surface micromachined magnetic 

nab  according to its built-in algorithm, and the output 
sighals drive a micro magnetic-flap array to reduce the 
vokices. The flaps are required to achieve vertical deflec- 

Among all the possible mechanisms, electro- 

DESIGN 
As shown in Fig. 1, the magnetic coil is located on 

top of a laminated thin film plate, which is supported by 
either two cantilever beams at one end or four serpentine 
beams at the four corners. Sizes of the flaps vary from 
250 pm to 900 pm on the side, the lengths of the beam 
vary from 100 to 360 pm and the beam widths range 
from 14 to 50 pm. Etch holes (typically 15x15 pm') were 
strategically placed in the plate to allow faster etching of 
the PSG sacrificial layer and to ensure that all structures 
were released in roughly the same amount of time. The 
fluid control aspects of those etching holes in the flow 
field are under study. 

There are four facets to the design issues: magnetic, 
mechanical, thermal and electrical. The fluid dynamic 
aspect of the design is also very important, however it is 
beyond the scope of this paper. The magnetic force that 
the flap experiences in a magnetic field with a gradient 
is generally governed by[lO] 
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Fig. 1: (a) perspective view of a magnetic flap; (b) 
cross-sectional view of the plate along the dotted line in 
(a) showing the layered structures: the plate is composed 
of polysilicon, silicon nitride and a metal coil. Polysilicon 
forms the return path for the current loop. 
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where 6 is the magnetic moment and B is the magnetic 
flux density. In the case of a current-carrying coil, 

6 2 N I ~ ( R , , ) ~ G  (2) 

where N is the number of turns of the coil, I is the current 
that passes through the coil, R,, is the average radius of 
the coils and 6 is normal vector of the current loop. 

Mechanically, the choice of the spring constant of the 
flap must be a compromise. In order to achieve large 
displacements, the flap should have a small spring con- 
stant. However, having a large bandwidth requires a 
large spring constant. The force constant of the flap 
can be obtained by using an approximate composite-layer 
model[ll] or by more precise method such as finite ele- 
ment simulation. In the current design, all our flaps are 
designed to have force constants in the range of 0.001- 
0.01 N/m. 

The intrinsic stresses of the different layers contribute 
to a bending moment acting on the plate, which results in 
the plate having a curved, rather than flat, shape at rest. 
The magnitude of the curvature of a thin bi-material 
plate can be calculated using[l2] 

- (3) 
F h  - EiI1-i- EzIz 

- 

2 P 
where F is the lateral force due to the intrinsic stress, 

h is the total height of the bi-material layer, El and Il 
are the Young’s Modulus and moment of inertia of the 
top layer, E2 and 1 2  are the Young’s Modulus and mo- 
ment of inertia of the bottom layer, and p is the radius 
of curvature of the plate. 

Thermally, as the temperature of the flap rises, the 
thermal mismatch of different materials in the composite 
layers will cause the flap to bend down, which is not de- 
sirable in our current project. Given the geometry and 
material composition, this bending can be calculated[l2]. 
On the other hand, this effect has been used by several 
authors to make ther tuators in the past[13,14]. In 
making the prototyp e, we did not seek to specif- 
ically solve the thermal problem; but this therm 
is thoroughly studied and we intend to minimize 
bending in our next generation of devices. 

Electrically, low resistance is desirable to minimize 
heat generation and thus thermal bending of the flap. 
The total resistance 
tance, the contact r 
polysilicon, and the resistance of the polysilicon plate. 
The polysilicon plate resistance contributes the most(60- 
70%) to the total resistance (ranging from 30 to 70R)and 
the heating. 

FABRICATION 
The fabrication process is briefly described in Fig. 2. 

A thick(2.5 pm) phosphosilicate glass (PSG) sacrificial 
layer with a measured 6% phosphorous content is first de- 

posited on the wafer surface using low pressure chemical 

en annealed at 950°C for 
one hour to release its intrinsic stress[l5]. During the 
annealing the polysilico ped by phosphorus diffu- 

50.50/0. The top PSG is subsequently removed and 
the polysilicon p d by photolithography. We de- 
posited a layer of LPCVD low stress silicon nitride 
at 820°C (SiH2CZ2/NH3 ratio being 4) to cover the poly 
plate for insulation and then pattern the nitride to have 
contact holes. 

At first we attempted to use A1 as the metalization, 
in which case approximately 4000 A aluminum layer is 
evaporated and patterned to form the coils. We then 
used buffered hydrofluoric acid (BHF) and oxide pad 
etchant[l6] to etch the sacrific 
der to completely underetch a 
took the pad etchant approximat ours and BHF 30 
minutes. The slow etc r with low etch- 
ing selectivity over A1 
unacceptable(-lO %). 

ical stability in HF. An 100 A chromium lay 
sion promotion) and a 4000 A gold layer fo 
alization. It is found that 49% HF can be used to com- 
pletely undercut the plate structure without damaging 
the metalization; the etching process takes about 2 min- 
utes to complete and the etching on the plate materi- 
als(nitride and polysilicon) is minimal. 

The subsequent drying process is also essential for ob- 
taining a high yield, and several authors have reported on 
different drying techniques[l7,18,19,20]. Our standard- 
ized process includes rinsing the wafer in de-ionized wa, 
ter for 20 minutes, and in acetone and then in alcohol for 
1 minute each. After alcohol removal by 10 minutes DI 

Cr/Au metalization is then sought because of its chem- 

U L  I I I 
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Fig. 2: Process flow of thin film magnetic actua, 
tor. (a) PSG sacrificial layer depo 
and PSG deposition, with polysil 
mal annealing;(c) polysilicon patte 
holes;(d) nitride deposition and p 
tact holes;(e) metalization and p 
netic coil;(f) sacrificial layer etching and flap release. 
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waier rinse, the wafer is baked dry by an  infrared lamp. 

was obtained. We found that in- 
substrate is almost negligible and 

the flap from sagging down to the 
bond during fab- 

Fig. 4: An SEM picture of a magnetic flap suspended 
by two cantilever beams at one end. The plate size is 
300x300 pm2, the beam is 200 pm long and 24 pm wide, 
and the plate is about 9000 A in thickness. The flap is 
curved due to combined intrinsic stress of nitride, polysil- 
icon and metal. 

Fig. 5 :  An SEM close-up view of the magnetic flap 
the strategic location of etching holes on the 

the plate is made of a polysilicon/nitride com- 
approximately 9000 A in thickness. 
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of the magnetic flap is 
used later for detailed 

Intrinsic stress 

contribute signific 
thus use a simple 

tensile to compressive for rs along the boat. 
It has been found that p posited under sim- 
ilar conditions as ours was can have a stress very close 
to zero[22]. If we assume that the metal has a negligible 
affect on the stress and that the plate bending is much 
larger than the beam bending, we can get an estimate of 
the bending due to intrinsic stress by Eq.3. Using the 
Young's modulus of 300 GPa for silicon nitride and 150 
GPa for polysilicon, and assuming zero intrinsic stress 
for polysilicon, we obtained a p of roughly 600 pm for a 
860x430 pm2 plate. This agrees well with the measured 
value of the radius of curvature for this plate, which is 
on the order of 700 pm. 

When A1 was used as 
intrinsic bending for a g 

are further annealed at  400 "C (in 

increase A1 st 

Thermal motion 

side profiles of the flap before a 

nitride/poly layer, we can use the standard thermostat 
equation [12] to obtain an estimate of the temperature. 
We combine the poly and nitride into one layer because 
the thermal coefficients of expansion and Young's mod- 
uli of poly and nitride are relatively close compared with 

flap 
length 

shown to scale. 

flap beam beam max. 
width length width deflection 

200 200 100 14 75 

Fig. 7: Superimposed side profiles of the flap as grabbed 
from video images showing the flap positions (a) before; 
and (b) after applying 30 mA coil current. The flap is 
860x250 pm2, the two cantilever beams are 280 pm long 
and 24 pm wide. 
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ain a temperature of roughly 

have studied the frequency response of thermal 
ion of our device by driving several devices with a 
wave of current (50mA 0-peak). A typical spec- 

se resonances also exist in several other flaps tested. 
band-width is further verified by illuminating the 

a stroboscope, which allows for more 
measurement of vibration magnitude at higher 

ies. We were also able to use the stroboscope 
ately measure the thermal time constant. Dif- 

nstants, .477ms for heating and .26ms for 
convection), have been observed for this 

n, we first pass DC current through the coil and 

eached thermal equilibrium and stays still, the mag- 
field is applied by turning on the electro-magnet. 

of 1.76 kGauss at 2.5A current input; the perma- 
magnet gives a constant magnetic flux density of 
Gauss measured at the magnet's surface. The B' 

hrough 3 turns of coil, a typical 
f 420x420 pmZ in size and suspended on one side 
cantilever beams (280 pm long and 20 pm wide) 
ieve approximately f 100 pm DC vertical deflec- 

image of magnetic motion side 
e of another flap is shown in Fig. 10 as an example. 

current and number of turns 

We were not able to pass large (about 2.5 A) AC cur- 
rent with high frequency (up to l kHz) to the electro- 
magnet because of the self-induction current in the elec- 
tromagnet, so the frequency response of the magnetic 
motion is not available at the moment. 

Wind Tunnel Testing 
The full operation of the magnetic flap has not been 

tested in a wind tunnel yet, except for damage test to de- 
termine the maximum wind speed tolerance of the flaps. 
The flaps with two cantilever supports on one side are 
put in the laminar flow region of the wind tunnel and 
their breakage was monitored by a video camera. A typ- 
ical flap will survival 50 m/s airflow, which is the limit 
of the test wind tunnel, when the coil side of the flap 
faces the wind; the flap will fold over by 180" and break 
at about 20 m/s when the air flows in the opposite di- 
rection. Extensive studies of the flap behavior in a wind 
tunnel are underway. 

A 5 
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Fig. 8: Experimental frequency response of thermal 
actuation for a structure with a 300x300pm2 flap and two 
cantilever beams, each 200pm long and 18 pm wide. The 
resonant peak at about 1 kHz correspondes to the first 
mode natural frequency of the flap. 

distance from electro-magnet surface (mil, 1/1000 inch) 

Fig.9: Calibrated magnetic flux density distribution 
along the axis of the electro-magnet core. The coil is lo- 
cated approximated 40, mil, or lmm away from the mag- 
net surface, where is B gradient is almost constant. 
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Fig. 10: Superimposed side profiles of the magnetic flap 
as grabbed from video images showing the flap position (a) 
before applying magnetic field; (b)after being moved down- 
ward by a B of approximately 1.7 kGauss; and (c) after being 
moved upward by a B of 1.7 kGauss. The flap is the same 
size as the flap in Fig. 7 and the coil current is 30 mA. 

CONCLUSIONS 
A new type of surface-micromachined electromagnetic 

actuator with moving coils has been developed. Under a 
given magnetic field and magnetic coil current, the micro 
flap has a vertical deflection larger than 100 pm , a reso- 
nant frequency of 1 kHz, and an applied magnetic force of 
approximately 1pN. We believe that these attributes can 
be further improved to  meet the design specifications for 
the URI project. The magnitude of the thermal deflec- 
tion by plate heating is comparable to that of the mag- 
netic motion because of the large resistance from polysili- 
con plate; the problem of thermal actuation can be solved 
by reducing the resistance of the coil path to  reduce heat 
generation. The intrinsic bending, however, needs to be 
neutralized by designing laminated layers that have zero 
combined stress. 
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