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Abstract: This paper introduces a new technology to fabricate a micro electromagnetic actuator with high energy density

without an enclosed magnetic circuit. This technology includes fabricating multi-turns planar micro coils and fabricating

the thick magnetic (NiFe) core on the silicon wafer. The multi-turns planar micro coils are fabricated by the electroplating

method from the surface along the line and by dynamically controlling the current density of the copper electrolytes. In

order to fabricate thick NiFe plating,the adhesion properties between the NiFe plating and the silicon substrates are im-

proved by changing the surface roughness of the silicon substrates and increasing the thickness of the seed layer. Further-

more,the micro electromagnetic actuator is tested and the energy density of the actuator is evaluated by force testing.

The experiments show that the microactuator is efficient in producing high magnetic energy density and high magnetic

force.
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1 Introduction

For application in microsystems such as microv-
alves, micropumps, micro relays, and micromo-
tors'' %/, high energy density actuators are needed in
order to obtain smaller volume, higher performance
MEMS. The electromagnetic actuator is a good candi-
date due to its large force output and low voltage
driving. The magnetic energy density is proportional
to the square of the magnetomotive force ( NI) and
related to the leakage of the magnetic flux produced
by the coil. But,its current is limited by the heat pro-
duced in the coils. To increase the number of coil-
turns per unit area and decrease the magnetic leakage
by inlaid thick magnetic materials are two methods
often used to improve the energy density.

Recently, there have been many designs pro-
posed. Yao et al. proposed an electromagnetic actua-
tor by a photolithography process using the negative
photoresist SU-8 in a single layer'” ,in which the cop-
per wire thickness (z,) is about 20p.m, the aspect ratio
(r) is 0. 8,the turns (n) is 12 per unit area,and the
thickness of magnetic core is 50um. Ko et al."® de-
signed an efficient spiral-type micro magnetic actua-
tor on permalloy substrates,which is about 12m,and
r=0.5,n=17,and the thickness of magnetic core is
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10pm. Sutanto et al."”’ fabricated the microactuator
on a soft magnetic base (NiFe) by Co-Pt electrode-
positing and fabricated supported legs (NiFe) to form
a closed magnetic circuit,in which z, is 8uym,r is 0. 8,
and n is 11. Guo™' and Yang'® improved the magnetic
energy density by fabricating double coils on the front
and rear sides of the silicon wafer to create more
turns,in which the number of coil-turns is 8 and 10
per unit area respectively, but there is no magnetic
core in the coils.

However,there remain two difficulties:

First.the challenge for multi-turn coils is that the
resistance increases with the number of coil-turns,and
they are hard to grow in an electroplating bath. Be-
cause the electrical path to the inside turns must trace
through all the coil lines, and the resistance of the
seed layer will be large (a few thousand ohms) , there
is an electrical potential drop between the coil ends.
Second,a magnetic plating layer of thickness less than
50pm was presented by Zhang et al.'*®°7'*/. The
challenge is that the magnetic core sheds from the sil-
icon wafer easily when its thickness increases.

In this paper,a new technology to fabricate an
electromagnetic actuator of high energy density with-
out an enclosed magnetic circuit is introduced. This
technology includes fabricating multi-turn planar mi-
cro coils and fabricating the thick magnetic (NiFe)
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core on the silicon wafer. The micro electromagnetic v
actuator with 20 X2 turns coils and a thick permalloy Fig.2  Number of coil-turns (n) per unit area versus the

core (thickness is 200pm) in per unit area silicon wa-
fer is fabricated. Finally,the magnetic force of the ac-
tuator is tested in order to compare the energy density
with other designs.

2 Design and theory

The model of the micro electromagnetic actuator
without an enclosed magnetic circuit is shown in
Fig. 1. The planar coil is fabricated on the front and
rear sides of the silicon substrates through deep silicon
etching. The silicon hole connects the upper and lower
coil levels. The trench is etched into the silicon wafer
in the central coil before electroplating the thick
magnetic core. The operation of the actuator is given
as follows: when the electrical current is applied to
the coils, a magnetic field is generated around the
coils perpendicular to the plane of the coils. When we
apply the magnetic field on the magnetic films atta-
ched on the deformable membrane, a large magnetic
force is generated.

From Eqs. (1)~ (3),we can obtain the magnetic
force F,,which shows that F, is proportional to the
square of the magnetomotive force (NI).

we = %BH D

W, = vamdv - % X (Ngé)’ 2)
dWa 1 (NI} aR

F'"_dz_ 2(%)dz (8)

where w, is the magnetic energy density, W, is the
magnetic energy, and R is the total magnetic reluc-
tance.

In Fig. 1, x, is the width of the copper wire, z, is
the thickness of the copper wire, x, is the space be-
tween the coil-turns, A = x, z,, L is the total length of
the coil,and n is the number of coil-turns per unit ar-

ea.
_ L

R =p% (4)

IR = KmAt (5)

where K is the specific heat, m is the mass of the
coil, p, is the resistivity of the copper,and At is the

difference of temperature between the coil and the ambient
temperature (At)

difference between the coil temperature and the am-
bient temperature.

Because of the surface tension of the liquid and
the edge effect of the plating'™ during the copper
electroplating, the experimental value of copper coil is
chosen to be z,<C100um and the aspect ratio to be less
than 5. From Egs. (4) and (5),we can find the rela-
tionship between the maximum number of coil-turns
per unit area and the difference between the coil tem-
perature and the ambient temperature. Figure 2 shows
that when x, = 30pm, z, = 90pm, At <<5C and the
maximum load current of coil is 0.4, 0.5, 0.6, and
0. 7A,the maximum number of coil-turns per unit area
is 34,32,28,and 25, respectively.

3 Fabrication

3.1 Fabrication process

There are two electroplating methods for micro
coil. First is surface electroplating, shown in Fig. 3
(a),in which the current in the trench comes from
the silicon surface;the second method is along the Cu
wire line electroplating, shown in Fig. 3(b),in which
the current comes from the coil entrance. In this pa-
per,when only the second method was used, the mid-
dle of the coil was striped in the liquid before it grew
even with high current, because the coil length was
too long and the resistance was too large.

When only the fist method was used, the mouth
of the coil trench closed before the coil trench was

—
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Fig.3 Method of electroplating
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Fig.4 Fabrication processes of the double plane microcoil
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filled with copper, which led to holes inside the cop-
per wire. So, it is necessary to combine these two
kinds of electroplating processes to make the seed lay-
er fully grown but also to reduce the hollow in the coil
wire. The main fabrication steps are as follows:

First, coil-shaped and core-shaped trenches were
etched by lithography (Fig. 4(a)),radiography (Fig. 4
(b)) ,corrosion process (Fig. 4(c)),and deep reactive
ion etching (Fig. 4(d)).

Second, as shown in Fig.4 (e), a seed layer of
copper was deposited on the wafer mold by ion beam
assistant deposition. Then, the whole seed layer was
electrodeposited by the surface electroforming meth-
od until its Cu thickness reaches about 20pm.

Third, corresponding to Fig.4 (f), we corroded
the surface plating on the wafer surface and perse-
vered the plating in the trench, then coated the core
surface by photoresist, electroplating the coil in the
trench until the whole trench is full along the line in
the Cu electrolytes in Fig. 4(g).

Lastly,when the coil trench was filled with cop-
per,the coil was coated by photoresist before the per-
mally core was electroplated in NiFe electrolytes, as
shown in Fig. 4(h).

This technology adopts electroplating over the
copper coil seed layer,directly replacing secondary li-
thography and the corrosion process before electro-
plating process, which reduces processing cycles and
decreases cost compared to the technology reported in
Ref. [6]. This method overcomes the difficulty of
plating thick magnetic material on the silicon wafer.

3.2 Dynamically controlling current density

In the electroplating process of copper, because
the position and shape of the cathode (silicon mold)
is different, current density distribution is uneven. In
the part with large resistance, the positive ions in the
solution cannot be attracted to the substrates cathode
due to the weaker current. If the seed layer was not
plated in the aqueous metal solution for long time as a
result of liquid immersion, the seed layer is easier to
shed, as shown in Fig. 5. Therefore, the seed layer
must grow rapidly before falling from the silicon wa-

Unshed Shed

Fig.5 Photo of the coil

fers. Because the metal ion deposition rate increases
with the current density (as shown in Fig. 6), the
large current density should be adopted at the begin-
ning of electroplating process.

For ordinary electroplating conditions, the plat-
ing is glazed when the current density is about 20mA/
cm’®, and the electroplating is semi-glazed when the
upper limit current density is 90mA/cm®"* . Howev-
er,current density cannot exceed the permitted limit
(different current density threshold exists in the dif-
ferent electrolytes) . If current density is over the up-
per limit,due to a lack of the metal ions around the
cathode, irregular metal plating like branches or a
spongy shape form at the cathode tip or convex part.
With the growth of plating,the binding force between
the plating and substrate strengthens™® while the coil
resistance gradually decreases. When the seed layer
reaches a certain thickness, the electroplating process
method along copper lines can be used. In order to
gain uniform copper plating, electroplating with low
current density should be selected in the lines plating
process®l.

So,during electroplating of the multi-turn micro
planar coil, the current density should be controlled
dynamically. Figure 7 is the dynamic control curves
when the current density is from 80 to 100mA/cm’ in
the surface electroforming method. When the current
density is over 100mA/cm?*,a “char” phenomenon oc-
curs at the sharp corners and edges. After 5 to 6 hours
(about 20pm thick ), the coating out of the
trench is peeled, then 30~50mA/cm?® current density

30

Deposition rate/(pm/h)
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Fig. 6

density

Relationship between deposition rate and current
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Fig.7 Dynamic control of the current density

is used to electroplate the plating in the trench bed
until the entire silicon trench is filled with copper by
clectroplating along the line.

3.3 Electroforming magnetic core

3.3.1
NiFe alloy is the most common magnetic material
used in MEMS because it has a relatively high mag-

Soft material choice

netic saturation,low coercivity, good corrosion resist-
ance,near zero magnetostriction,and a simple deposi-
tion method compared with other soft materials such
as CoFeCu. During the deposition of NiFe alloy, the
residual stress and deformation of electroplating can
be reduced with sulfamate-chloride electrolytes as the
main salt!'”’
3.3.2 Fe content control

During the NiFe alloy electroplating, the plating
has good magnetic properties only when the Ni&Fe
composition of plating is closed to permalloy. When
the Fe content is 19~24% in the plating, the plating

shows better magnetic properties'®’

. Accordingly, the
Fe composition is usually limited to 20 + 1% by con-
trolling the content of Fe’" ions and the current den-
sity in the electrolytes, which are the major factors af-
fecting the Fe composition of the plating.

Because NiFe alloy electroplating is a non-tradi-
tional deposition process,the Fe’' ions have a strong
priority deposition tendency compared to Ni*" . Thus,
the composition of Ni*” /Fe** in the electroplating so-
lution is different from the composition rate of Ni/
Fe. When the composition of Ni*" /Fe*” is higher than
70 : 1, the plating Ni/Fe ratio can reach 80 :@ 20.
Therefore, the concentration of Fe** in the electro-
plating bath is lower. Under such circumstances,small
changes in the concentration will make significant
changes in plating composition. The Fe** ingredients
should be selected suitably to reduce the impact on the
ratio of components. Figure 8 is the relationship be-
tween the iron content of alloy plating and ferrous
sulfate content of electroplating solution. In the ex-
periment,when the content of FeSO, « 7H,O is about

60

s50F 4 Ni*:Fe?'<70:1
° -=— Ni*":Fe?*>70:1
E‘ 40f /
5 30F
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Fig.8 Relationship between Fe content in alloy and FeSO, -
7H, O content in bath

4g/L,the composition of Fe in the NiFe alloys can
reach 20% .

In the past, researchers thought that the large
current density meant high plating speed and did not
consider the impact on the composition of alloy. But
during the process of selective electroplating in fabri-
cating micro structure,there are inevitable differences
197 When the current density af-
fects the plating composition of alloy seriously, the

in current density

plating composition will be inconsistent and the plat-
ing performance worsens. Therefore,it is important to
choose suitable current density for the electrofor-
ming. Figure 9 is the relationship curves between the
current density and the Fe & Ni content in the plat-
ing.

Figure 9 shows that when the current density is
below 30mA/cm?, current density has a smaller im-
pact on the Fe content of the plating. So,even if there
is little difference in current density selected below
30mA/cm*, uniform magnetic plating can be pro-
duced.

4 Results and discussion

In this paper,a 20 X 2 turn double planar micro
coil per unit area,in which the thickness is 90,m and
the aspect ratio is 3,is fabricated. Figure 10 is the ar-
ray of planar coil with magnetic core in the silicon
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g —A-Nj
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Current density/(mA/cm?)

Fig.9 Relationship between Fe & Ni content in alloy and cur-
rent density
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Fig.10 Array of planar coil with magnetic core

substrates.

In the same aspect ratio of coil, the resistance
difference between theory and measurement value of
coil decreases with x,,and it increases with aspect ra-
tio in the same x,,as shown in Fig. 11. The quality of
coil becomes better when the aspect ratio decreases
and the width of the copper wire increases.

The practical resistance of the double planar coils
of the actuator is about 6.8Q, while the calculated
value of this coil is 7. 5Q. The difference between the
experimental and the theoretical value is caused by
the uneven depth of the coil. However, they are very
close.

The NiFe alloy plating with a thickness of more
than 200pm was fabricated on the silicon wafer by
increasing the thickness of the Cu seed layer. Fur-
thermore, the thickness of the seed layer does not af-
fect the performance of NiFe alloy plating. This can
be seen from the B-H curve of the magnetic film in
Fig. 12. Specifically, the coercivity H. is about 70A/
m.

The micro electromagnetic actuator is tested, in
which the sinusoidal driver current density is 2.5 X
10" A/m’ (equivalent to 0. 3A) . The energy density of
the actuator can be evaluated by driving electromag-
netic force testing. Figure 13 shows the electromag-
netic force of the actuator along the symmetry line (z
axis). The solid squares () are the testing values,
the solid circles (@) are the theoretical values, and

5 s
4r Aspect ratio
°5:1
¢;3' *3:1
B~ al:1l
42_
]_
0020 80 120 160 200

X/pm

Fig.11
urement versus x, with different aspect ratios

Resistance difference of coil between theory and meas-

I "izlf' ’ !

Fig.12 BH-loop of the electroplated sample

the solid triangles ( A) are the values reported in
Ref.[8]. The maximum force produced by the inte-
grated electromagnetic microactuator is about 45mN
at a sinusoidal current of 0.3A amplitude and the
maximum value is higher than the result in Ref.[8].
At the same time, the energy density is higher than
other ranges and there are not obvious changes in the
range of 0 ~3mm area, which shows the magnetic
field concentrate near the center of the electromag-
netic force because of the soft magnetic iron core.

5 Conclusion

In this paper,a new technology is developed to
form a high energy density micro electromagnetic ac-
tuator on a silicon wafer. The process difficulties,
which are electroplating multi-turn double planar mi-
crocoils and growing thick magnetic material on the
silicon wafer,are solved.

During the process of the multi-turn coils, the
double multi-coils was fabricated by surface electro-
plating,along the copper wire electroplating and cur-
rent density dynamic control process. The adhesion
properties between the NiFe plating and the silicon
substrates were improved by changing the surface
roughness of silicon substrates and increasing the
thickness of the seed layer.

When the FeSO, « 7H,O content is about 4g/L

S0 I ] = Experiment
¢ FEM
sor ] { ARef[8]
z 30} {
: {
= 20f &,
: I
10 A
A
0 1

Az/mm

Fig.13 Magnetic force along the symmetry line (z axis)



1116 R S N S %29 %
and the current density is about 30mA/cm? during the [8] Ko C H,YangJ J.Efficient magnetic microactuator with an en-

process of thick NiFe alloy plating, NiFe alloys elec-
troplating with Fe content 20% can be acquired.

Finally, the micro electromagnetic actuator was

tested and the energy density of the actuator was

evaluated by force testing. The experimental results

show that this micro electromagnetic actuator has

higher electromagnetic energy density than others.

References

(1]

2]

[3]

[4]

[5]

[6]

[7]

Meckes A, Behrens J, Benecke W. A microvalve with electromag-
netic actuator. 6th International Conference on New Actuators,
1998.17

Behrens J,Mexkes A, Gebhard M, et al. Electromagnetic actuation
for micropump and valves. 5th International Conference on New
Actuators,1996:26

William P T, Oliver B, Mark G A. Fully integrated magnetically
actuated micromachined relays. J Microelectromechaml Syst,
1998,40(2) :181

Klopzig M. A novel linear micromachined electromagnetic actua-
tor including magnetic suspension. 6th International Conference
on New Actuators,1998:17

Guo Z S, Wu Y H,Xuan M,et al. Electro-magnetic planar micro-
motor and its fabrication. Optics and Precision Engineering,2003,
11(2):120 (in Chinese) [¥5 54k, 58 — W & 1 55 . o 8 BT 1A £
AL R LRI T2 O G 4 TR, 2003,11(2) :120]

YangJ W,Wu Y H,Jia H G. Design method and magnetic field
analysis of axial-magnetized permanent magnet micromotor. Op-
tics and Precision Engineering,2006,14(1) :83 (in Chinese) [ #7&
i 2 — W B R Bl I G A K R SO LR B 00 A B B O EE A
5% . JEF NG % T ,2006,14(1) : 83]

Yao F,Erol C H,Muralidhar K. Fabrication of microstructures
with different aspect rations in a single layer. Proc SPIE, 2005,
5650156

~

L9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

closed magnetic core. Microlith, Microfab, Microsyst,2002,1(2) .
144

Sutanto J,Papania A D,Berthelot Y H.et al. Dynamic character-
istics of membrane displacrment of a bidirectional electromagnet-
ic microactuator with microcoil fabricated on a single wafer. Mi-
croelectronic Engineering,2005,82:12

Jack W J. Magnetic microactuators with polysilicon flexures. Uni-
vesity of Berkeley Doctor Dissertation,1994 .66

Hyouny J C, Chong H. A bidirectional magnetic microactuator
using electroplated permanent magent arrays. Journal of Micro-
electro-Mechanical Systems,2002,11(1):78

Zhang Y H,Ding G F,Cai Y L,et al. Electroplating of low stress
permalloy for MEMS. Materials Characterization,2006,1(6) :1
Soifer Y M, Verdyan A, Kazakevich M, et al. Edge effect during
nanoindentation of thin copper films. Mater Lett,2005,59.:1434
Wang B F, Huang Y H, Yu C Y. Experimental research on jet
clectroforming. Journal of Nanjing University of Aeronautics &
Astronautics, 2002,34(4) . 328

Zhang T,Wu 'Y H,Zhang P,et al. The growth and adhesion prop-
erties research of the Cu/NiFe films on the silicon substrates. Chi-
nese Journal of Sensors and Actuators,2006,9(5):1444 (in Chi-
nese) [ K, 56—, JKF 45 Si k Cu/NiFe Wi i Az 4 K HORG B
FRPERE TS . A I AR 22412, 2006,9(5) 1 1444 ]

YangJ W, Wu Y H,Wang S R.et al. Study on fabrication process
of planar stator coil of micromotor. Microfabrication Technolo-
gy»2006,6(3):27 (in Chinese) [, % — M, £, 45 F1i
DR HLAE T B i 1 T 20 9 i i TR, 2006,6(3) - 27]
Lan Y B, Yu J K. Experiment research of plating technique of
NiFe alloy. Corrosion and Protection,1999,120(8):355 (in Chi-
nese) [ Xk, T4 . B4 NiFe & 4 (9S50 0F 52 6 1h 45 15 47
1999,120(8) :355]

Ding G F,Zhang S B,Li Y Q.et al. A study on plating soft mag-
netic underlayer for the rotor of micromotor. Microfabrication
Technology,1996,3:71 (in Chinese) [ T AT, 5K %5 A, K #F,
S IR R T AU S B RO BT ST AN TR . 1996.3.:71]
Quemper J M, Nicolas S,Gilles J P,et al. Permalloy electroplating
through photoresist molds. Sensors and Actuators,1999,74:1

75 B B I P R B 3R M

R KA

2

7.2

K x| 7k

(1 REE T KFHU 722 Be, RHEE 300160)

(2 P E R B R AR R RS W BLRE S DD R A . KE

130033)

R R T PR AR A T e B B K Sl e A VR T BRI AT MEEMSS T 20 7 67 T B A 1 A 2 I TR T L
V1% S T 2 T 00 i J5 2 194 ot 3 2P T L P R e 10 7 K D B 8l 24 o v 4 L AL R 1) D T A O T L o6 A 5 3 R e R
2 T MRS B2 AN R V2 IS0 09 5 1k 5 R0 < B2 5 D UG ARG B P B 5 T LATE SR L T AR A Ak b TR R R MR S R )
S 25 T < 2k R v K Sl i A R (R B A T 3T B TR 2K H At ol PR G K Sl L RE AR S R LG AR Bl g L A T Y RE A

B

KW MADLRIKSIAY MREREIE,; ZIBUZ T ML ; & NiFe 5402
EEACC: 2575

PESES:

TP212 XERFRIRED: A

* ROHE Tl K 2% 7 47 2k 4 WE B 300 B Gilb S 029735)
T {E1E# . Email.zqs_0431@126. com
2007-10-30 Y 3] .2007-12-19 &

NXEHES: 0253-4177(2008)06-1111-06

©2008 H [H 72



