
SUMMARY

A microactuator technology utilizing magnetic thin
films and polysilicon flexures is applied to torsional micro-
structures. These structures are constructed in a batch-fab-
rication process that combines electroplating with
conventional IC-lithography, materials, and equipment. A
microactuated mirror made from a 430x130x15µm3

nickel-iron plate attached to a pair of 400x2.2x2.2µm3

polysilicon torsional beams has been rotated more than 90°
οut of the plane of the wafer and actuated with a torque
greater than 3.0 nN-m. The torsional flexure structure con-
strains motion to rotation about a single axis which can be
an advantage for a number of microphotonic applications
(e.g., beam chopping, scanning, and steering).

INTRODUCTION

Magnetic microactuation has recently been demon-
strated by several research groups [1-6]. In most cases,
magnetic-microactuator fabrication is not accomplished in
a continuous batch process, instead it often requires the
addition of steps such as manual assembly [1-3]. Recently,
we demonstrated a microactuation technology that com-
bines magnetic thin films with surface-micromachined
cantilevers in a batch-fabrication process [4-5]. A similar
actuation technology has recently been applied to arrays of
microactuators for flow-stream control on aircraft-wing
surfaces [6]. We describe here an application of batch-fab-
ricated magnetic microactuators, which are made in a rela-
tively simple process, to microstructures supported by
torsion bars (Figure 1) that can be useful for optical-beam
chopping, scanning, and steering. The microactuators we
report here were driven by a magnetic field generated by
an off-chip source.

TECHNOLOGY

The polysilicon structures are fabricated using a process
developed earlier at BSAC to produce polysilicon surface-
parallel microresonant systems [7]. To fabricate the new
magnetically actuated devices, process steps are added just
prior to releasing the polysilicon microstructures. At this
point in the process, deposition of magnetic materials does
not contaminate the conventional microelectronic and
micromechanical fabrication steps. Furthermore, the addi-
tional steps do not add significantly to the thermal budget
of the process. The micromechanical flexures are con-
structed with phosphorus-doped LPCVD polysilicon. An
electroplated nickel-iron alloy, deposited using the proce-
dure described by Ahn, Kim, and Allen [2], serves as the

magnetic material because of its relatively high saturation
magnetization. The magnetic properties of NiFe have been
well documented as a consequence of its widespread com-
mercial use.

MECHANICAL ANALYSIS

The torsion-bar supported structure we built and studied
is shown schematically in Figure 2. It consists of a narrow
polysilicon beam, anchored to the substrate at both ends.
At the center of the beam is a large plate of magnetic mate-
rial attached on one side (Fig 2a). If a uniform magnetic
field is applied to this structure, a pure moment without a
translational force is induced. The pure moment or torque
generated by the rigid magnetic plate rotates it through an
angleφ (Fig. 2b). The torque can be translated to the axis
of the torsional beams (Fig. 2c) to simplify the analysis.

Assuming each beam of lengthl is straight, has a uni-
form cross section, and is made of a homogeneous isotro-
pic material that obeys Hooke’s law, the torsional stiffness
kφ can be expressed as

Figure 1. A torsion-bar-supported magnetic micro-
actuator lifting out of the plane of the wafer.
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(1)

where K is a cross-section dependent factor; the shear
modulus isG = E/(2(1-ν)) for elastic modulusE and Pois-
son’s ratioν; the residual stress isσ; and the polar moment
of inertia isJ [8]. For a beam with a rectangular cross sec-
tion of widthw and thicknesst,

(2)

with a = min (w,t) andb = max (w,t) [9] and

(3)

[8]. An important point to note is thatkφ is proportional to
the smallest dimension of the beam cubed. Reducing the
thickness of a beam with a 2 x 2µm2 cross section to less
than 0.5µm, will reducekφ by a factor greater than 64. For
our devices withE = 170 GPa,l = 400µm, w = 2.2µm and
t = 2.2µm; G = 121 GPa,K = 3.3x10-24 m4, J = 3.9x10-24

m4, andkφ = 2 nN-m/rad. The residual-stress dependent
factor of Eq. (1) can be ignored because even for a stress as
high as 1 GPa, theσJ term is only 1% of theKG term. The
maximum shear stressτmax in a torsion bar twisted by an
angleφ is expressed by Timoshenko [9] as

.(4)

MAGNETIC ANALYSIS

Although the behavior of permanent magnets in a mag-
netic field can be modeled using the concept of “effective
magnetic charges” [4-6], soft magnetic materials, such as
NiFe, are more accurately modeled using the concept of
magnetic anisotropy and the demagnetizing field. When an
external fieldHext is applied at an angleα to the net mag-
netization vectorM of a sample (Fig. 3), the field exerts a
torque of magnitudeTH onM expressed as

(5)

whereVmag is the magnet volume [10]. In a soft-magnetic
material,TH will rotate M an angleθ away from its equi-
librium direction, called the easy axis (Fig. 3). WhenM

Figure 2. Schematic drawings of the mechanical structure.
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rotates away from the easy axis, it increases the magnetic
anisotropy energyWa, given by

(6)

whereKa is called the magnetic-anisotropy constant [10].
The magnetic-anisotropy constant can be subdivided into
contributions due to shape, stress, crystalline, and induced
anisotropies [5,10]. Because our low-stress magnetic films
are polycrystalline and have no induced anisotropy, shape
anisotropy is the essential determinant forKa

(7)

[10] whereNa andNc are the length and thickness shape-
anisotropy constants given by expressions derived by
Osborn [11];µo is the permittivity of free space; andMs is
the saturation magnetization. Asθ increases, the magnetic-
anisotropy torqueTa, given by

, (8)

will increase in magnitude. Since the anisotropy torque
attempts to bringM and the easy axis back together, an
equal but opposite torque -Ta is exerted on the easy axis,
and hence on the magnetic material itself (Fig. 3). If the
magnetic material is attached to a flexure with angular
spring constantkφ, -Ta will cause the magnetic material to
rotate an angleφ from its original orientation. Asφ
increases, the mechanical restoring torqueTm, given by

, (9)

also increases. If the direction of the external magnetic
field remains at a constant angleγ to the original direction
of the easy axis, then althoughα = γ initially, it is reduced
by θ andφ (Fig. 3), allowing Eq (5) to be rewritten as

. (10)

In a permanent-magnet analysis, the assumptionsM =
Ms andθ = 0 are made. However, it is often observed that
the magnetizationM of a soft-magnetic material varies as a
function ofHext and is less thanMs at low fields. As a sam-
ple is magnetized by an increasing fieldHa, applied along
M and given byHa = Hext cos(γ - θ - φ), M increases and
magnetic poles form on the ends of the sample. These

Figure 3. Schematic representation of the torques and
angles involved in the material analysis.
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poles generate a field, called the demagnetizing fieldHd,
that opposesHa. The magnitude of the demagnetizing field
is where NM is the shape-anisotropy
coefficient of the sample in the direction ofM [10]. In our
out-of-plane devices . The net
field inside a magnetic sampleHi is the sum of the applied
and the demagnetization fieldsHi = Ha + Hd. Domain
walls in a soft-magnetic material move to reduceHi,
resulting in  from which we find

. (11)

SubstitutingHa andNM into (11) we solve forM

. (12)

In equilibrium, the field torqueTH, which rotatesM
away from the easy axis, is balanced by the anisotropy
torqueTa, which acts to alignM with the easy axis (Fig. 3).
In turn, the torque on the sample -Ta is balanced by the
mechanical restoring torqueTm (Fig. 3). The resulting
equilibrium condition is |TH| = |Ta| = |Tm| = T. Using this
equilibrium condition,φ, θ, andT can be solved by equat-
ing Eqns. (8), (9) and (10), and usingM determined by Eq.
(12). This set of transcendental equations can be solved
numerically. A computer program was written to solve for
φ, θ, M, andT. The calculations are compared with experi-
mental values. For our devices withlmag = 430µm, wmag =
130 µm, tmag = 15µm, andMs = 1.0 T (as determined by
film composition);Vmag = 8x10-13 m3, Na = 0.0165,Nb =
0.0971,Nc = 0.8864, andKa = 3.5x105 J/m3 (from Eq. (7)).

FABRICATION

After all the steps used to form the polysilicon struc-
tures are completed [7], an adhesion layer (10 nm Cr) and
an electroplating-seed layer (100 nm Cu) are deposited by
evaporation onto the polysilicon structure (Fig. 4a). At this
point in the fabrication process, the photoresist plating
mask is formed. Our earliest devices [4-5] were con-
structed using the “frame-plating” technique of Liao [12],
to insure a uniform thickness, deposition rate, and elec-
trodeposit composition. However, since the frame-plating
process requires two thick-film photolithography steps, we
have simplified the overall process by using a single thin-
mask plating process. In this process the plating mask is
formed by patterning a 2µm-thick layer of photoresist to
uncover the regions onto which the magnetic material will
be electrodeposited (Fig. 4b). The plating solution was the
same as that described in reference [2].

In our simplified process, the magnetic material is elec-
troplated to a thickness many times that of the photoresist
plating mask, causing the electrodeposit to “mushroom”
over its edges (Figs. 4c and 5). Although such sloping side-
walls are undesirable for many in-plane microactuators,
they do not adversely affect the performance of our
devices. After depositing the magnetic material, the photo-
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resist is stripped and the Cu/Cr seed layer is removed by
sputter-etching (Fig. 4d). The devices are then released in a
concentrated two-minute HF (Fig. 4e).

EXPERIMENTAL RESULTS

Figure 1a shows optical photographs of a magnetic
microactuator: (a) at rest without a magnetic field applied;
(b) deflected approximately 45° by an applied magnetic
field of ~5 kA/m; and (c) rotated into a vertical position
with an applied magnetic field of ~10 kA/m. To measure
the angular deflection of the devices as a function of the
external magnetic field, the substrate was placed vertically
between the poles of an electromagnet (γ = 90°). As the
magnetic field deflects the devices, the orientation of their
edges is observed though a microscope. A radially marked
graticule allows the angular deflections to be measured to
an accuracy of±1°. A plot of the measured angular deflec-
tion φ as a function ofHext is given in Fig. 6 for a device
consisting of a 430x130x15µm3 NiFe plate attached to a
pair of 400x2.2x2.2µm3 polysilicon torsional beams. The-
oretical curves forφ as a function ofHext are also plotted
under the condition of constant magnetic saturation (M =

Figure 4. Fabrication process shown for the A-A’ cross
section (Fig. 2a).
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Figure 5. Scanning-electron microscope image.



Ms) and also for the model described in this paper whereM
is given by Eq. (12). The theoretical predictions of the
model presented in the previous section are in excellent
agreement with the experimental results at low magnetic
fields. The difference in results substantiates our assump-
tion that the demagnetizing field reducesM as predicted by
Eq. (12). A plot ofM as a function ofHext is given in Fig.
7, showing thatHext = 13.6 kA/m saturates the deflected
device.

The electroplated NiFe was measured to reflect 75% of
the optical power of a laser beam, which was scanned over
135° with this actuated micromirror.

CONCLUSIONS

This research has demonstrated that magnetic films can
be integrated with torsional-polysilicon flexures in a sim-
plified batch-fabrication process. Prototype devices can be
deflected 90° out of the plane of the wafer by a magnetic
field of ~10 kA/m. The magnitude of the driving field
required for a given angular deflection can be significantly
reduced by thinning the torsional beams. The experimental
behavior of these devices are well predicted by a magnetic
model that includes magnetic anisotropy and the effects of
the demagnetizing field. This actuation technology is well

Figure 6. Comparison of theoretical calculations for
angular deflection φ versus external field Hext and
experimental data.
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Figure 7. Magnetization of the soft-magnetic plate.
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suited for use in microphotonic applications, such as opti-
cal-beam chopping, scanning, and steering.
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