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ABSTRACT

A fully integrated micromagnetic actuator with a multilevel
meander magnetic core is presented. To generate and to confine a
magnetic flux in the magnetic core and at the same time minimize
coil series resistance, low-resistance meander conductors located in
a single plane were interwoven with multilevel meander magnetic
cores. This 'wrapped' solenoid (with the core wrapped around the
conductor) was fabricated in a fully integrated fashion. A
micromagnetic actuator was realized by incorporating a surface
micromachined nickel-iron cantilever beam as part of the magnetic
circuit of the core. The nickel-iron cantilever beam was 2.5 um
thick, 25 um wide and 780 pum long, and the magnetic circuit
contained 17 turns of meander type solenoid coils. Tip deflection
of 4 um in the vertical direction was achieved when a DC voltage
less than 1V (and resulting drive current of 600 mA) was applied
to the coils. This fully integrated multilevel topology offers a
variety of micromagnetic applications, which can be fabricated on
the same substrate with an integrated circuit and actuated with low
voltages.

INTRODUCTION

Recently there has been much work towards realizing
practical magnetic-based microactuators for variety of applications.
These efforts have used hybrid techniques either to place magnetic
components onto integrated planar coils [1,2], or to introduce
external magnetic fields onto integrated high-permeability moving
parts [3]. One reason that these approaches have been taken is due
'to the difficulty in fabricating three dimensional solenoid type coils
using a planar fabrication process. In this work we describe a new
‘meander’ actuator geometry which is particularly useful in the
integrated fabrication of micromagnetic actuators (MMAS).

The major limitations in miniaturization of MMAs arise
from poor scaling, difficulty in fabrication, and relatively high
resistive losses [4], leading to relatively low actuation efficiencies.
However, the usefulness of MMAs depends strongly on the
application [1,5]. For example, automotive applications may
require much less actuation efficiency than implantable biomedical
applications. In addition, MMAs may be the only available
microactuation scheme in some cases, including dust-filled
environments, operation in conducting fluids, and operation in
environments where high driving voltages are unacceptable or
unattainable. Since magnetic actuators are current-controlled, they
can in theory be operated even at low voltages, which can be
obtained from conventional power sources without extra circuits
for high voltage generation (of course, maximum current output
and slew rate rather than maximum voltage output and slew rate
become the controlling power supply issues). In addition,
magnetic forces may be more suitable in long range actuation
[1,5). Finally, a micromagnetic structure can play a useful role as
an electrical power generator as well as a microactuator [6].

To produce a magnetic force at a specific location,
micromagnetic actuators should have an inductive component to
generate magnetic flux, and a magnetic core to guide the generated
flux to the point where actuation takes place. Coils of conductor
material are used for flux generation. The major characteristic of
these coils must be low resistance, so that micromagnetic actuators
can be driven at reasonable voltages and currents, without high
heat power consumption due to the resistance of the conductor.
This can be achieved by using a good conductor as the coil
material, increasing the thickness of the conductor, and/or utilizing
conductor geometries which minimize line length. Copper, gold,
and aluminum have been used as conductor materials in previous
MMA designs. The magnetic core in the MMA plays two roles:
first, it is a mechanical component for actuation; second, it is a
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magnetic component for flux guidance. Nickel-iron permalloy, in
particular, displays outstanding characteristics as an MMA core

-material from the mechanical [7], magnetic [8], and processing

viewpoints. .

Several types of planar inductive components have been
proposed previously [9,10], but the planar geometry alone is not
optimal for fully integrated MMAs. The flux generated from the
spiral conductors will be spread out through the surface as both
parallel and vertical components with respect to the surface [11].
As a result, it is not easy to guide a flux to a required specific
point, unless a magnetic core is included as part of the inductor
structure. In addition, the relatively long length of spiral
conductors required for a large number of turns produces a high
conductor resistance. Thus, alternative geometries for MMA
realization were investigated.

DESIGN

Consider the inductor geometries shown in Figure 1. In the
standard solenoid geometry (Figure 1b), a conductor line is
‘wrapped’ around a magnetic core to form an inductive component.
Such structures can be realized using multilevel metal interconnect
schemes to 'wrap' conductor lines around magnetic materials.
However, two problems arise from this geometry: first, the
electrical via resistance from layer to layer increases the total
conductor resistance; second, the total conductor length must be
relatively long. However, the same effect can be realized by
switching the roles of conductor and core as in Figure 1a; imagine
‘wrapping’ a magnetic core around a planar conductor line. This
geometry can also be realized using multilevel metal interconnect
schemes, by interlacing a meander planar conductor with a
multilevel meander magnetic core. This meander geometry has

two advantages over the standard solenoid geometry. First, there

are no electrical vias to add resistance to the conductor coil.
Second, the magnetic core is produced on two levels, making it
readily available for surface micromachining of movable core
actuators. In addition, the leakage flux of the meander geometry is
relatively low. The major disadvantage of the meander geometry
is that the total core length (and thus the magnetic reluctance of the
core) is increased.

(b)

Figure 1. Schematic diagram of a multilevel meander inductive
component. (a) schematic diagram of meander type as fabricated
(b) analogous structure illustrating the equivalence of 'wrapped’
and meander type coils.




Figure 2. Scanning electron micrograph (SEM) of a fabricated
multilevel meander inductor.

In order to demonstrate the feasibility of the meander
geometry, a simple inductive structure was designed and
fabricated. The fabrication sequence is omitted here due to space
considerations, but the strategy is similar to the one described
below. Figure 2 shows a scanning electron micrograph of the
fabricated multilevel meander inductive component. The inductor
structure has 26 turns and a measured inductance of 0.2 uH at a
test frequency of 100 kHz. Based on these results, the use of the
meander geometry for MMAs was investigated.

By incorporating a surface micromachined nickel-iron
cantilever beam as a part of the magnetic core, a fully integrated
electromagnetic microactuator can be realized. Figure 3 shows the
scanning electron micrograph and a schematic diagram of the
integrated MMA. A current through the meander conductors
causes the generation of a force of magnetic origin that acts to
reduce the total reluctance of the circuit by attracting the released
cantilever beam towards the bottom magnetic contact. It should be
re-emphasized that a major advantage of the meander geometry is
the ease of fabrication of gaps in the magnetic circuit due to the
multilevel topology.

ELECTROMECHANICAL MODEL

The magnetic flux that crosses an air gap in a magnetic
circuit produces an attractive force between the faces of the
magnetic electrodes. The magnetic core structure shown in Figure
3 contains an air gap of variable length g as determined by the
position of the movable cantilever beam. If the cantilever beam
undergoes a displacement in response to the force of attraction f,
the air gap is shortened by the differential length dg, and the work
done by the force is the mechanical differential output of the
electromagnet

d\Nmech=fdg- 0Y)]

If the current is adjusted so that the air gap flux remains
constant while the gap is shortened by the differential distance dg,
the actual force exerted between the faces of the magnetic
electrodes is
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Figure 3. Scanning electron micrograph (SEM) and §chematic
diagram of the integrated micromagnetic actuator with nickel-iron
cantilever beam. (a) scanning electron micrograph (SEM):
magnetic flux is guided both to the cantilever beam and to the
bottom magnetic contact. Some upper magnetic core sections have
been removed to show the magnetic vias. (b) analogous schematic
diagram: the actoal meander type coil in the structure 1§

represented as being equiv alent to a 'wrapped' solenoid type coil.
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where Lo is the permeability of free space, Ag is the area of the
magnetic electrodes, and By is the magnetic flux density at the gap.

The paths of magnetic flux and the magnetic equivalent
circuit for the designed micromagnetic actuator can be simply
drawn from the analogous structure schematic diagram shown in
Figure 3b. From Eguation (2) and a magnetic equivalent circuit

with core length of 1¢1 and Nj turns of coil, the magnetic force




produced in the gap by the current i can be expressed as
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where Fag is the force of magnetic origin, Y, is the relative
permeability of the magnetic core which is assumed to be constant
(note that this assumes that the core does not saturate), A is the
area of magnetic core in the inductive component, and yp is the
initial gap spacing,

A scanning electron micrograph of the nickel-iron
cantilever beam released from the surface and its schematic
diagram with uniform load q are shown in Figure 4. In some
structures, the cantilever beam was designed to have a narrow neck
near to the beam support, which tended to increase the flexibility
of the beam. In analyzing the bending of these cantilever beam, it
was assumed that the width of beam was equal to the width of the
neck, since the deflection of the beam would be controlled by the
narrow neck. .

Cantilever beam

Area of magnetic electrode(Ag)
Area of magnetic core(Ac)

(b)

Figure 4. Scanning electron micrograph of the nickel-iron
cantilever beam released from the surface, and a corresponding
schematic diagram for the electromechanical model. (a) Scanning
electron micrograph of the fabricated nickel-iron cantilever beam;
(b) schematic diagram for electromechanical analysis.
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Since the size of the gap is small compared to the length of
the beam, and since the variation of magnetic reluctance along the
length of the beam is small compared to the reluctance of the
inductive component, the generated magnetic forces along the
cantilever beam are assumed to be constant and are represented as
a uniform load q along the cantilever beam in the analysis of
mechanical deflection. The load-deflection relationship for a
uniformly loaded cantilever beam can be expressed as:

8EI5
q=—7pt

T (N/m),

@

where §y, is the deflection of the tip of the cantilever beam, q is the
distributed load along the length of the beam, E is the modulus of
elasticity of the beam material, and I is the moment of inertia of the
beam. Thus, by comparing equations (3) and (4), the relationship
between the deflection of the tip of the cantilever beam and the
applied current can be expressed as:
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FABRICATION

A brief fabrication process of this component is
summarized in Figure 5. The process starts with oxidized (0.6 pm)
2-inch <100> silicon wafers as a substrate. Onto this substrate,
2000 A of titanium was deposited as a electroplating seed layer
using DC sputtering. Polyimide (Dupont PI-2611) was then spun
on the wafer to build electroplating molds for the bottom magnetic
core. Three multi-spin coats were accomplished to obtain a thick.
polyimide film. Each coat was cast at 3000 rpm, and soft baked

Polyimide layer Plated bottom core

. Siwafer

Released cantilever beam

Figure 5. Processing sequence to build a fully integrated
micromagnetic actuator. (a) multi-spincoating of polyimide, dry
etching, and bottom core plating; (b) patterning of conductor; (c)
magnetic via plating; (d) dry etching of cavity; (e) patterning of
sacrificial layer; (f) top core and cantilever beam plating; (g)
release of cantilever beam.




for 10 minutes at 120 °C prior to the application of the next coat.
After deposition of all coats, the polyimide was cured at 350 °C for
1 hour in nitrogen, yielding an after-cure thickness of 9 um. Holes
were etched in this polyimide using a 4% CF4/Oy plasma etch and
an aluminum hard mask until the titanium seed layer was exposed.
The electroplating forms were then filled with nickel (79%) - iron
(21%) permalloy using standard electroplating techniques and the
nickel-iron electroplating bath described in Table 1. To
electroplate the bottom magnetic cores, electrical contact was made
to the seed layer, and the wafers were immersed in the plating
solution. During the electroplating, the solution was maintained at
room temperature and a pH of approximately 2.7, and was stirred
very slowly with a Teflon propeller blade. An applied current
density of 5 mA/cm? resulted in a electroplating rate of 0.3-0.4
pum/minute. This rate was chosen as the permalloy was required to
be plated exactly up to the top of polyimide mold to achieve a
planar surface for subsequent processing.

In order to insulate the bottom magnetic core from the
conductor coil, polyimide was spin-coated (as above) at 4000 rpm,
and hard-cured at 350 °C for 1 hour. Two different processes were
employed to make the conductor coils, one for a deposited
aluminum conductor and one for a plated copper conductor. For
the aluminum conductor, 5 um of aluminum was DC sputtered
onto the polyimide and patterned using conventional lithography
and PAN (phosphoric-acetic-nitric) aluminum etching solution.
For the plated copper conductor, copper was plated through a thick
photoresist mold. A 2000 A thick copper seed layer was deposited,
and the copper plating mold was formed in 5 um thick positive
photoresist. The copper conductors were plated through the
defined molds using standard electroplating techniques and the
copper plating solution described in Table I. Note that the bottom
magnetic core is electrically isolated from the plating solution
during this step. Upon completion of the electroplating, the
photoresist was removed with acetone, and the copper seed layer
was etched in an HCl-based copper etching solution.

In order to insulate the conductor line and re-planarize the
surface, more polyimide was deposited in multiple coats (as

Table 1. Composition of the nickel-iron and copper electroplating
solutions.

Nickel-iron Copper
Component | Quantity(g/l) Component Quantity
NiSO4.6H, O 200 CuSO 4.5H,0| 1200 (g/)
FeSO 4.7H »,0 8 HyS04 100 (mifl)
NiCl 5.6H9 O 5
H3B0; 25
Saccharin 3

described above). Three coats of polyimide were deposited and
cured as described above, yielding approximately 9 pm of
polyimide. Via holes were then dry-etched through the polyimide
layer between the meander conductors using 100% oxygen plasma
and an aluminum hard mask. Upon completion of the via etch, the
aluminum hard mask was removed. Because the bottom magnetic
core was exposed to the oxygen plasma during dry etching, the
surface of magnetic core was oxidized. To remove the oxide film,
the exposed areas of the bottom magnetic core were etched in a 2%
hydrofluoric acid solution for 30 seconds. Contact was then made
to the bottom magnetic core and the vias were filled with nickel-
iron using the electroplating bath and conditions described
previously. Upon completion of the electroplating, the magnetic
vias were coated with a single layer of polyimide spun on the
wafer at 5000 rpm and cured as described above.

The metal sacrificial layer was then deposited and defined
at the desired position of the cantilever beam. A cavity to contain
the sacrificial layer was dry-etched down through the polyimide
layer using an aluminum mask as described earlier, and the
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sacrificial layer was buried in this cavity, which improved the
planarization of surface for the next process. Two different metals,
which could be selectively etched from nickel-iron in a releasing
etching solution, were adopted as a sacrificial layer: (1) 7 um thick
DC-sputtered Al, or (2) 7 um thick electroplated copper, both
deposited as described above. After the patterned sacrificial layer
was obtained, the polyimide covering on the magnetic vias was
removed by a blanket dry etch. Optionally, additional planarizing
steps were performed to fill in areas surrounding the sacrificial
layer.

Finally, the top magnetic core and cantilever beam were
plated over the magnetic vias and sacrificial layer, completing the
magnetic circuit. This was achieved using an evaporated nickel
seed layer defined into the desired via and beam shapes using a
liftoff technique, a photoresist plating mold, and the electroplating
conditions described above. Bonding pads were then opened
through polyimide layers for the electrical test by using the via etch
process sequence described earlier. Optionally, to remove the
titanium plating seed layer located underneath the polyimide, the
structure was dry etched to the bottom, and the titanium was then
selectively dry etched using a 90% CF4/O2 plasma. It should be
noted that removal of the magnetic core plating base was not
required for successful device performance. Figure 6 shows the
side view of the multilevel meander inductive component after this
optional removal step has been carried out. Note the magnetic via
connecting the top and bottom cores in the meander topology.

After the bonding pads were exposed, the wafer was coated
with thick photoresist and patterned to expose the sacrificial layer.
The cantilever beams were then released using appropriate
selective etches. Approximately 15 minutes of etch time was
required to fully release the cantilever beams. After release, the
masking photoresist was removed using acetone, and the released
structures were rinsed sequentially in DI water, acetone, methanol,
and DI water. After rinsing, samples were diced into chips for
bonding and test.

. upper magnetic core

N

conductor

magnetic via

lower magnetic core

38811 23KY

Figure 6. Detailed side view scanning electron micrograph of a
magnetic via in the MMA. A magnetic via connecting top and
bottom magnetic cores along with a section of conductor is shown,




RESULTS AND DISCUSSION

The chip was bonded and packaged in a standard flat-pack
carrier for testing. The deflection of the cantilever beam tip was
measured by focusing on the tip of the deflected beam in a Nikon
MM-11 Measurescope and measuring the microscope head
deflection necessary to maintain focus as the beam deflected. The
measured and calculated (equation 5) deflections of the cantilever
beam as a function of applied DC current is shown in Figure 7. As
expected, the deflection is proportional to the square of current,
and the measured results coincide well with the model. The
available magnetic force for this microactuator is in the range of
0.1-0.8 uN. The best-fit value for the relative magnetic
permeability of this material is approximately 500. This is in good
agreement with measured permeabilities of 400-500 which have
been measured in test inductive structures using this material.
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Figure 7. The measured and calculated deflections of the cantilever
beam as a function of the applied DC current.

The higher the magnetic permeability that can be achieved,
the better the actuator will perform. It has been reported that the
permeability of plated nickel-iron magnetic material could be
increased up to 5000 by applying 100 Gauss of magnetic field in
the direction of easy axis during the plating, and by annealing at a
high temperature with magnetic field [12]. If the permeability of
the magnetic core can be improved to 2000-5000 in this structure,
the available magnetic forces would be in the range of several tens
of uN.

One of the claimed advantages of this meander geometry is
that the conductor has a relatively small resistance, since the
required turns to produce a magnetic flux can be achieved in a
short length of conductor without involving any conductor via
connections. The resistance of the 17-turn meander conductor in
this actuator is measured to be 1.3 ohms at 200 mA. The power
consumption due to the conductor resistance at 200 mA is 52 mW.

It was also observed that high current densities could be
achieved in the meander conductor. For example, the maximum
recommended current density of a conventional magnetic structure
in the macro scale at 50 °C has been reported as 5 x 102 Afcm?2
[13]. In the integrated magnetic microactuator, it was verified that
the attainable maximum current density ranged from 5x104 to
5x105 Afcm?2. These values, which are 102-103 times larger than
the values in the macro scale, probably represent the large
differences in surface-to-volume ratios of conductors in the macro
and micro scale. In addition, since most meander conductors are
exposed on or near the surface of the wafer, the generated heat in
the conductor can be easily dissipated.

T
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CONCLUSIONS

A fully integrated micromagnetic actuator with a meander
coil and multilevel core geometry has been fabricated. Actuation
has been realized by incorporating a surface micromachined
nickel-iron cantilever beam as a part of the magnetic circuit of the
core. Driving voltages of less than one volt and driving currents on
the order of several hundred milliamperes resulted in tip
deflections of several um, corresponding to 0.1-0.8 uN of
generated magnetic force. The relatively low resistance of the
meander conductor results in decreased heat dissipation in the
conductor, which increases the efficiency of the device. The low
drive voltages make it possible to consider integration of MMAs
with IC-based control circuitry.

The allowable maximum current density and power
dissipation in this and similar structures should be analyzed in
more detail. This will allow experimental evaluation of scaling,
power consumption, and other issues of importance in the design
of MMAs, and may ultimately illustrate areas of applicability for
magnetic microactuators, especially in applications where
actuation efficiency is not the primary concern.
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