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This letter presents a power consumption reduction scheme of magnetic microactuation using
Cu-Ni nanocomposite film which is electroplated in alkaline noncyanide based Ni colloidal copper
plating solution at 40 °C. The superconducting quantum interference device magnetometer
measurements show that Cu film is modified from diamagnetism to ferromagnetism via the
incorporation of Ni ferromagnetic nanoparticles into itself to form a Cu—Ni nanocomposite film. A
magnetic microactuator made of the nanocomposite can have about 9% performance improvement
in terms of actuation enlargement. In other words, the coil made of the Cu—Ni nanocomposite can
exhibit better power efficiency for the same output displacement. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2748301]

Magnetic microactuators are typically designed with an
inductive microcoil driven by an electrical current under a
magnetic field to generate electromagnetic force (EMF) for
magnetic microactuation."? In comparison with the other
types of microactuators driven by the source of electrostatic,
piezoelectric, or electrothermal force, the actuator with EMF
can exhibit the characteristics of low driving Volta%e and
large output force, which are good for miniaturization. - Be-
sides, magnetic microactuators can be fabricated using
complementary  metal-oxide semiconductor (CMOS)-
compatible thin film processes. Thus, these excellent charac-
teristics make magnetic microactuators fascinating for mi-
croelectromechanical systems (MEMS) applications. A
variety of magnetic microactuators has been designed and
fabricated.®”® Recent research objectives in the development
of magnetic microactuator are focused on power consump-
tion reduction for portable microsystem applications.g’10 Ac-
cording to the Lorentz force law, the induced EMF exerted
on the point P of the coil shown in Fig. 1 is as follows:

F=1dl X B, (1)

where F, I, dl and B are the magnetic force, electric current,
unit length, and magnetic flux density of the coil at point P,
respectively. Since the EMF is proportional to the strength of
both magnetic field and electric current driven in an induc-
tive coil, it has been a challenge to have a large EMF in a
microactuator where the field and current input are limited in
a finite volume. In addition, increasing electric current to
enlarge EMF is not a considerate approach for low-power
applications due to the formation of larger Joule heating loss
which is not power efficient."’ In order to resolve this prob-
lem, most research efforts have been put on the deposition of
magnet with high saturated magnetization (M) such as NiFe,
CoNbZr, and SrO¢Fe,0; for creating large magnetic field."
In this letter, we will present a distinct approach to enhance
EMF which can combine with the aforementioned approach
to realize power-efficient magnetic microactuation.

In general, the magnetic field at the point P in Fig. 1 not
only can come from the bias magnet underneath the coil but
also can be contributed by the coil as long as the coil is made
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of magnetic material that can be magnetized by the bias
magnet. Under the same current input, the induced EMF of a
magnetic microactuator driven by a magnetic coil can be
larger than that of the microactuator with the same design but
driven by a nonmagnetic coil because the applied magnetic
flux density at the point P is further intensified via the intro-
duction of magnetization inside the coil. Although the sim-
plest way to realize the introduction is to utilize a conductive
magnetic material for the coil fabrication such as a NiFe
Permalloy, inevitable high resistivity (~1.5X 107 Q cm)
still results in large Joule heating loss which deteriorates the
performance of magnetic microactuator for low-power
applications.

Previously, metal-based nanocomposites were synthe-
sized and proposed for low-power MEMS fabrication.'*"*
The physical properties of metal film can be modified for
special applications via the secondary phase and size effects.
For example, the incorporation of carbon nanotubes into Ni
matrix makes the composite material fascinating for low-
power electrothermal microactuator fabrication.” An on-chip
inductor made of Cu—CoFe,0, nanocomposite could have
high Q and large inductance performance for low-power ra-
dio frequency integrated circuits."* According to the previous
investigations on the electrical conductivity of metal-based
nanocomposite,13 the Maxwell-Wagner c:tquation15 based on
the model of two-phase random network can provide good
estimation and the conductivity can be calculated as follows:

Bias Magnet

FIG. 1. General scheme of magnetic actuation.

© 2007 American Institute of Physics
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FIG. 2. SQUID measurements of pure Cu and Cu-Ni nanocomposites
plated in a bath added with 2 and 5 g/1 Ni nanopowders, respectively.
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where k., k;, and k,, are the electrical conductivities of the
composite film, embedded secondary phase, and metal ma-
trix, respectively, and V/ is the volume fraction of the em-
bedded secondary phase. Meanwhile, from the rule of
mixture,'® the induced magnetic moment of composite (M)
inside a Cu matrix due to the incorporation of magnetic par-
ticles into Cu matrix can be simply estimated based on the
intrinsic induced magnetic moment and the weight ratio of
the magnetic particle and Cu.

MichWc'"Mme’ (3)

where W, W., M,,, and M, represent the weight percents
and induced magnetic moment of the incorporated particle
and metal matrix, respectively. From Egs. (1)—(3), the corre-
lation in terms of power consumption between the magnetic
microactuators using pure Cu and nanocomposite coils for
the same output force, respectively, can be calculated as
follows:

Hypiea |k
P =P _aP_L) —m , 4
composite c( ( Happlied n Mi) kc ( )

where H,plicq is the magnetic field strength coming from the
magnet underneath the coil and Pomposie and P, are the
power consumptions of the magnetic microactuators using
nanocomposite and pure Cu coils, respectively. Adequately
choosing a composite material with large M; and k. can ef-
fectively reduce the power consumption of magnetic actua-
tors. Therefore, a Cu—Ni nanocomposite is proposed and syn-
thesized here to realize the goal of low-power magnetic
microactuation. Instead of the aforementioned CoFe,O, or
other ferromagnetic materials, Ni powders are chosen for
their having a nice ratio of k,, to k. for better power effi-
ciency since Ni has lower electrical resistivity than NiFe.
Here, ~50 nm Ni nanopowders are chosen to mix with a
copper plating solution to form a colloidal bath for the
Cu-Ni nanocomposite film synthesis. Isopropyl alcohol
(TPA) is utilized here as a dispersant for the separation of Ni
nanoparticles in the solution. Once the Ni nanoparticles are
added into IPA, a colloidal solution with well-dispersed Ni
particles can be formed using mechanical stirring and ultra-
sonication. Before putting the colloidal solution into Cu plat-
ing bath, the solution is first added with the proper amount of
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Cu-Ni Nanocomposite
Coil

Silicon Substrate PCB

FIG. 3. (a) Diagram of magnetic microactuation structure designed for the
low-power scheme verification and (b) the top view of as-fabricated SU-8
diaphragm with magnetic Cu—-Ni nanocomposite coil.

water then heated up to 40 °C to drive IPA out of the water
since IPA would block Cu seed layer surface for plating.
Here, instead of conventional sulfuric Cu plating solution,
the commercial alkaline noncyanide based copper plating
solution'” is chosen for the nanocomposite synthesis because
the Ni particles will chemically react with acidic sulfuric
copper plating solution. The reaction causes little Ni nanopo-
wder incorporation in Cu matrix. By adjusting the amount of
Ni nanoparticles being added into the solution, Cu—Ni mag-
netic nanocomposites with different Ni incorporations can be
synthesized. The composite plating rate is controlled
at ~0.2 wm/min. While Cu is plated, well-dispersed Ni na-
nopowders are engulfed in Cu matrix to form magnetic
Cu-Ni nanocomposite. Figure 2 shows superconducting
quantum interference divice (SQUID) measurement. The
magnetic property of Cu film is modified from diamagnetism
to ferromagnetism via the incorporation of Ni nanoparticles
and the M, of Cu—-Ni nanocomposite increases with the
amount of Ni nanoparticles being added into plating bath.

A microstructure shown in Fig. 3 is fabricated for low-
power scheme verification. The fabrication begins with
0.6 um thermal oxide deposition, followed by 0.6 wm low-
stress nitride deposition on a p-type silicon (p-Si) substrate.
A diaphragm area driven by inductive coil is then defined
and patterned from the back side of the silicon substrate via
chemical wet etching using KOH. A 5 um thick SU-8 film is
then spun onto the etched substrate to form the actuated dia-
phragm. After the diaphragm fabrication, a sandwich layer of
Ti (10 nm)/Cu (120 nm)/Ti (5 nm) is evaporated and pat-
terned to serve as a seeding layer for electroplating. The
inductive coil is patterned then electroplated in the afore-
mentioned Cu-Ni colloidal solution added with 2 g/l Ni
nanopwoders to form a 2 um thick magnetic Cu—Ni nano-
composite coil. During the plating, the wafer is placed in a
vertical fashion inside the bath with mechanical stirring at
120 rpm and the bath temperature is kept at 40 °C. In order
to ensure a uniform magnetic field laterally applied on the
inductive coil, other conventional photolithography and elec-
troplating plrocesses18 are performed for NiFe Permalloy ring
fabrication. Finally, the silicon substrate is then bonded with
a print circuit board (PCB) board using ALTECO adhesive to
form a microcavity inside on which a 0.02 T magnet is
mounted, as shown in Fig. 3(a). Figure 3(b) shows the top
view of as-fabricated device.

Figure 4 shows the vertical displacements of the SU-8
diaphragms actuated by Cu and Cu—-Ni nanocomposite coils,
respectively. The displacement measurement is performed
using an optical interferometer with subnanometer vertical
resolution and calculated to be equal to the height difference
of the point A shown in Fig. 3(a) while the coil is applied
with and without an electric current input. Here, the height of
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FIG. 4. Vertical displacement of SU-8 diaphragms vs the normalized input
to the driving coils, which are made of Cu and Cu-Ni nanocomposite,
respectively.

point A is referenced to a fixed point, called R, under which
silicon substrate is not removed. Due to process variation,
the power consumption is normalized by the thickness of
inductive coil for fair comparison. From the measurement, it
is found that, under the same input, the diaphragm driven by
Cu—Ni composite coil can have a larger displacement while
the displacement exceeds 10 wm. Under the same input of
4.67x 1077 W m, the diaphragm driven by pure Cu coil has
22 pm vertical displacement which is 2 um less than that
driven by Cu—Ni nanocomposite coil. In other words, the coil
made of magnetic Cu—Ni nanocomposite can exhibit better
power efficiency for the same displacement. In addition,
Fig. 4 also shows that Cu—Ni nanocomposite coil can make
the SU-8 diaphragm have much larger displacement than the
one made of pure Cu before the coils are failed.

According to Eq. (4), the power reduction scheme can be
realized as long as the ratio of Pgomposite/ P i smaller than 1
and the proposed Cu—-Ni nanocomposite is just fit into the
role. With the assumption of isotropic magnetization of
spherical Ni particles inside Cu matrix, Eq. (4) can be sim-
plified as follows:

2
k
Iu’r,Cll > _m (5)

Pcomposile/Pc = ( P
C

(/u'r,composite)

The ,ur’colrgposite can be calculated based on the Bruggeman

approach ~ as follows since the added Ni particle size is very
small:
~ . (1 f ) ahNi/Cu

/*Lr,composne = Mcu Cu 1— (1 —fCu)(agi/CU/?),u,nCu) 5
(6)
a,hNi/Cu =3 MrNi ~ Mr.Cu , %

Mr Ni + 2ll'Lr,Cu

Ni/Cu

where f, is the volume ratio of Cu in the composite, a,
is the magnetizability density, and w, c, and u, y; are relative
permeabilities of Cu and Ni, respectively. For the case of
Cu-Ni nanocomposite, u,c, and u,n; are 0.999 and 9,2
respectively. The i, composie €an be modified from 1.21 to
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2.46 while the volume fraction of embedded Ni particles is
changed from 1% to 5%. Meanwhile, the value of k,,/k,
shown in Eq. (3) is also changed from 1.015 to 1.079. Thus,
P composite/ P Will theoretically fall in a range of 0.18 to 0.69.
More than 18% power reduction could be realized. Never-
theless, it is noted that the calculation of &,/ k.. ratio is simply
based on the electrical conductivities of Cu and Ni films.
Since the electrical conductivitPf of metal particle could be
smaller than that of metal film*' and would result in a larger
k,/k. ratio. Meanwhile, the size of Ni particles used here is
about 50 nm in which the coercive force is around 250 Oe
Ref. 22 and is comparable with the magnetic field intensity
of the bias magnet that we use in the device. Only part of Ni
particles can be fully magnetized by the bias magnet. There-
fore, it is reasonable that only 9% performance improvement
has been observed so far. The characterizations of Cu—Ni
nanocomposites and the Ni nanoparticle size and spin depen-
dent scattering effects on the electrical conductivity of the
composite are still required for further optimization for low-
power magnetic microactuation design.

In summary, this letter presents a power consumption
reduction scheme and verification using Cu—Ni nanocompos-
ite. The approach can lead the way to further saving opera-
tional power in the present magnetic microactuator designs.
The Cu—-Ni nanocomposite and related low temperature fab-
rication process also show the potential applications for
MEMS fabrications due to its CMOS process compatibility.
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