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SUMMARY (o) T "

A microactuator technology utilizing magnetic thin 1 - I\F/I'g_étﬁeti
films and polysilicon flexures is applied to torsional micro- [{— S Plate B8 =
structures. These structures are constructed in a batch-fe § =11 400um j T
rlcat|on_ process that combm_e-s electropl_atmg with F Anchor ; Torsmnal Beam
conventional IC-lithographymaterials, and equipment. A | = l -
microactuated mirror made from a 430x130x{uf> e e ,:{
nickel-iron plate attached to a pair of 400x2.2x@r#3 e 400um Anchor

polysilicon torsional beams has been rotated more than 9
out of the plane of the wafer and actuated with a torqu ,
greater than 3.0 nN-m. The torsional flexure structure cor
strains motion to rotation about a single axis which can b
an advantage for a number of microphotonic application
(e.g., beam chopping, scanning, and steering).

INTRODUCTION

Magnetic microactuation has recently been demon
strated by several research groups [1-6]. In most case¢
magnetic-microactuator fabrication is not accomplished il
a continuous batch process, instead it often requires tl |
addition of steps such as manual assembly [1-3]. Recent
we demonstrated a microactuation technology that con
bines magnetic thin films with surface-micromachinec |
cantilevers in a batch-fabrication process [4-5]. A similal
actuation technology has recently been applied to arrays
microactuators for flow-stream control on aircraft—wingF. 1 A torsion-b ted i .
surfaces [6]. W describe here an application of batch-fab. \gure. - orsion-basupported  magnetic mio
ricated magnetic microactuators, which are made in a rel‘actuator lifting out of the plane of the water.
tively simple process, to microstructures supported bynagnetic material because of its relatively high saturation
torsion bars (Figure 1) that can be useful for optical-beamnagnetization. The magnetic properties of NiFe have been
chopping, scanning, and steering. The microactuators weell documented as a consequence of its widespread com-
report here were driven by a magnetic field generated hyiercial use.
an off-chip source.

MECHANICAL ANALYSIS

The torsion-bar supported structure we built and studied

The polysilicon structures are fabricated using a process shown schematically in Figure 2. It consists of a narrow
developed earlier at BSAC to produce polysilicon surfacepolysilicon beam, anchored to the substrate at both ends.
parallel microresonant systems [7]p Tabricate the new At the center of the beam is adarplate of magnetic mate-
magnetically actuated devices, process steps are added jtigt attached on one side (Fig 2a). If a uniform magnetic
prior to releasing the polysilicon microstructures. At thisfield is applied to this structure, a pure moment without a
point in the process, deposition of magnetic materials doeganslational force is induced. The pure moment or torque
not contaminate the conventional microelectronic andenerated by the rigid magnetic plate rotates it through an
micromechanical fabrication steps. Furthermore, the addangleo (Fig. 2b). The torque can be translated to the axis
tional steps do not add significantly to the thermal budgeif the torsional beams (Fig. 2¢) to simplify the analysis.
of the process. The micromechanical flexures are con- Assuming each beam of lengdtlis straight, has a uni-
structed with phosphorus-doped LPCVD polysilicon. Anform cross section, and is made of a homogeneous isotro-
electroplated nickel-iron allgydeposited using the proce- pic material that obeys Hoolelaw the torsional stihess
dure described by Ahn, Kim, and Allen [2], serves as the<p can be expressed as
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Figure 3. Schematicepresentation of the tques an
angles involved in the material analysis.
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Figure 2. Schematic drawings of the mechanical struc
rotates away from the easy axis, it increases the magnetic

ko = ZE@E (1)  anisotropy energW\,, given by
.2
where K is a cross-section dependent factor; the shear W, = K,sin'6 (6)

modulus isG = E/(2(1v)) for elastic modulu& and Pois-  whereKj is called the magnetic-anisotropy constant [10].
son’s ratiov; the residual stress s and the polar moment The magnetic-anisotropy constant can be subdivided into
of inertia isJ [8]. For a beam with a rectangular cross seccontributions due to shape, stress, crystalline, and induced

tion of widthw and thicknesg anisotropies [5,10]. Because our low-stress magnetic films
%0 1922 & 1 n b are polycry;talline and have no iqduced anisotrepgpe
K=—70-= > Stan (2)  anisotropy is the essential determinantigr
3 O Tb n=135..N 2a 1
T 2
with a = min f,t) andb = max (t) [9] and Ka=Kanape = 35,7 (No=Ng) Mg ()
[0}
J = %Z%N £+w’ t% (3)  [10] whereN, andN, are the length and thickness shape-

anisotropy constants given by expressions derived by
Osborn [11];y, is the permittivity of free space; aiy; is

rﬂ?e saturation magnetization. Bsncreases, the magnetic-
anisotropy torqud,, given by

[8]. An important point to note is thé, is proportional to
the smallest dimension of the beam cubed. Reducing t
thickness of a beam with a 2 mﬁwz cross section to less
than 0.5um, will reducek, by a factor greater than 64. For
our devices witlE = 170 GPal, = 400um, w = 2.2um and S\ ®)
t=2.2um; G = 121 GPaK = 3.3x10%* m*, J = 3.9x10%* a” do a ’
m?, andky, = 2 nN-m/rad. The residual-stress dependenyill increase in magnitude. Since the anisotropy torque
factor of Eq. (1) can be ignored because even for a stressaagempts to bring and the easy axis back togethan
high as 1 GPa, theJ term is only 1% of th&G term. The  equal but opposite torqud-is exerted on the easy axis,
maximum shear stresg,, in a torsion bar twisted by an and hence on the magnetic material itself (Fig. 3). If the
anglegis expressed by Timoshenko [9] as magnetic material is attached to a flexure with angular
o0 spring constankg, -T, will cause the magnetic material to
166#[ Z l5 ta”'\%nz_?%-(“) rotate an anglI((GIPp from its original orientation. Asp
T n=135.0 increases, the mechanical restoring torGyegiven by

MAGNETIC ANALYSIS T = ke @ 9)

Although the behavior of permanent magnets in a magfllsig mcrelasesi If the tdlretzctlor;E())fththe t.ex'terlng'l m?gnetlc
netic field can be modeled using the concept detgifve Ield remains at a constant any € original direction

magnetic chages” [4-6], soft magnetic materials, such asof the easy axis, then althougte y initially, it is reduced

NiFe, are more accurately modeled using the concept giye andg (Fig. 3), allowing I_Eq (5) to be rewritten as
magnetic anisotropy and the demagnetizing field. When an Th = VinagM Heye SIN(y-0-9) . (10)

external fieldH ., is applied at an angke to the net mag- In a permanent-magnet analysis, the assumptibrs

netization vecto_M of a sample (Fig. 3), the field exerts apM_ and® = 0 are made. Howevgit is often observed that

torque of magnitud&y onM expressed as the magnetizatioM of a soft-magnetic material varies as a
T = [ViagM ¥H g = VinagM Hegy sina (5) func_tion ofHex_tand is Iess_ thalilg at onv fields. ,_’-\s a sam-

ple is magnetized by an increasing fielg applied along

M and given byH, = Hgy; COSf - 6 - @), M increases and

magnetic poles form on the ends of the sample. These

_ 10
Trmax = T%QG ¢a-

mag
whereVy,4is the magnet volume [10]. In a soft-magnetic
material, Ty will rotate M an angleb away from its equi-
librium direction, called the easy axis (Fig. 3). WHdn



poles generate a field, called the demagnetizing Figld
that opposesl,. The magnitude of the demagnetizing field , i N
is Hy = -N,M/p, whereNy, is the shape-anisotropy Silicon N~ P-doped SiQ (PSG)

coeficient of the sample in the direction Mf [10]. In our Photoresist Plating Mask—_

out-of-plane devicest,I = Nicosze+N§sinze. The net /'i\ A

field inside a magnetic samghg is the sum of the applied (P
Electroplated NiF

Electroplating Seed Layefr Polysilicon

(a

and the demagnetization field = H, + Hy. Domain
walls in a soft-magnetic material move to redudg
resulting inH,=-H, = N,M/p_ from which we find

c
M = HoH /Ny - ay ©
SubstitutingH, andNy, into (11) we solve foM q Sputter Etch
Ou H cos(y—6-¢) d (d)
M = min——=% m (12)

0 . ’ sO"
0 /Nicosze + Nismze 0

In equilibrium, the field torquéy, which rotatesM
away from the easy axis, is balanced by the anisotrop(e)
torqueT,, which acts to aligM with the easy axis (Fig. 3).
In turn, the torque on the sampl&, s balanced by the Figure 4. Fabrication pocess shown for the A-Aros:
mechanical restoring torquéy, (Fig. 3). The resulting section (Fig. 2a).
equilibrium condition isTy| = [Ty = [I,| = T. Using this
equilibrium condition, 6, andT can be solved by equat-
ing Egns. (8), (9) and (10), and usivgdetermined by Eq.
(12). This set of transcendental equations can be solv
numerically A computer program was written to solve for
@, 6, M, andT. The calculations are compared with experi-
mental values. For our devices Wihyg= 430U, Wipnag=
130um, tpag= 15pum, andMg = 1.0 T (as determined by
film composition);Vinag = 8x10*3 m3 N, = 0.0165N,, =
0.0971 N, = 0.8864, and, = 3.5x16 J/r%’ (from Eq. (7)).

Sacrificial-Layer
Etch

OV

FABRICATION
N Figure 5. Scanning-electron microscope image.
After all the steps used to form the polysilicon struc-

tures are completed [7], an adhesion layer (10 nm Cr) andsist is stripped and the Cu/Cr seed layer is removed by
an electroplating-seed layer (100 nm Cu) are deposited Isputteretching (Fig. 4d). The devices are then released in a
evaporation onto the polysilicon structure (Fig. 4a). At thisoncentrated two-minute HF (Fig. 4e).

point in the fabrication process, the photoresist plating

mask is formed. Our earliest devices [4-5] were con- EXPERIMENTAL RESULTS

structed using the “frame-plating” technique of Liao [12], Fiqure 1a shows otical photoaraohs of a maanetic
to insure a uniform thickness, deposition rate, and elec- 9 P P grap 9

. . . . microactuator: (a) at rest without a magnetic field applied;
trodeposit composition. Howevegince the frame-plating () 9 bp

. e . b) deflected approximately 2%y an applied magnetic
s o D o SpeP 8, ek of -5 ki and (9 rtted it a vericl postor
P P y 9 9 with an applied magnetic field of ~10 kA/mo Theasure

;?)?rilé dplgtm%t?é?,fiissgI;n?jt'ﬁifﬁ;e? ;?e t?;?;lrliigizk {Re angular deflection of the devices as a function of the
yp 9 Y P xternal magnetic field, the substrate was placed vertically

uncover the regions onto which the magnetic material wil
be electrodeposited (Fig. 4b). The plating solution was th%etween the poles of an electromagnet (90). As the

. . magnetic field deflects the devices, the orientation of their
same as that described in reference [2]. ; : .
L . L edges is observed though a microscope. A radially marked
In our simplified process, the magnetic material is elec- ~. )
{atlcule allows the angular deflections to be measured to

trop_lated to a thlckness many times that_of thf} photores%n accuracy o£1°. A plot of the measured angular deflec-
plating mask, causing the electrodeposit to “mushroom

over its edges (Figs. 4c and 5). Although such sloping sidec" @25 @ function oHe: is given in Fig. 6 for a device

walls are undesirable for many in-plane microactuator consisting of & 430x130x] NiFe plate attached to a

S, . .
they do not adversely fakt the performance of our Pair of 400x2.2x2.21m? polysilicon torsional beams. The-

. " ; . oretical curves forp as a function ofHg,; are also plotted
devices. After depositing the magnetic material, the phOtOL]nder the condition of constant magnetic saturatén=(



90 suited for use in microphotonic applications, such as opti-

80° Mc’i;ljel 'l\J/lsing / cal-beam chopping, scanning, and steering.
—Wis

e Experiment 4 ACKNOWLEDGMENTS
2 s The authors thank the staff the Berkeley Microfabri-
S 40° M =M cation Laboratory for excellent support and service.ané
ki s grateful for helpful discussions with DHans H. Zappe
> 30° and Prof. Jack H. Judyhe authors may be reached with
g 20 jjudy@ieee.ay, muller@eecs.berkeledu, and http:/

10° g E9 (12) forM www-bsac.eecs.berkeleylu/~jjudy and ~mullefunding

0° - for this research was provided by the National Science

0 5000 10000 15000 20000 25000  Foundation.
External Magnetic Fieltq, (A/m) REFERENCES

Figure 6. Comparison of theetical calculations fc .

angular deflection@ versus external field & anc [HB Wagner, WBﬁ”eCk?' G. Engelmfanrll_, and J. S.'morl‘!
. | data icroactuators with moving magnets for linear, torsional,

experimenta : or multiaxial motion,”Sensors and Actuators A (Physical)

1.2 Vol. A32, no. 1-3, pp. 598-603, 1992.

[2] C. H. Ahn, Y. J. Kim, and M. G. Allen, “A planar vari-

able reluctance magnetic micromotor with fully integrated

stator and wrapped coilsProceedings of IEEE Mior

Electo Mechanical Systems (MEMS ‘93jort Lauder-

dale, FL (February 7-10, 1993), pp. 1-6.

[3] H. Guckel, T R. Christenson, H. J. Skrobis,d. Jung,

J. Klein, K. \/ Hartojo, and I. Wijaja, “A first functional

=
o

o
Jos)

MagnetizatiorM (Tesla)
o
(o))

0.4 current excited planar rotational magnetic micrombtor

_ Proceedings of IEEE Mior Electo Mechanical Systems

0.2 Model using (MEMS ‘93) Fort Lauderdale, FL (February 7-10, 1993),
Eqg. (12) forM pp. 7-11.

0 o000 Toomo 1000 20000 w00 [ M A Rl and I, . Zapne, Tuegnee
External Magnetic Fielte, (A/m) Dig. Solid-State Sensor and ActuatooMshop (Hilton
Figure 7. Magnetization of the soft-magnetic plate. Head ‘94) Hilton Head Island, SC (June 13-16, 1994), pp.
43-48. (URL = http://www-bsac.eecs.berkedsiu/
Mg) and also for the model described in this paper wislere archive/conference/hh1994/jjudy/)
is given by Eqg. (12). The theoretical predictions of thg5] J. W Judy “Magnetic microactuators with polysilicon
model presented in the previous section are in excelleflexures,”Masters ReportDepartment of EECS, Univer-
agreement with the experimental results at low magnet@ty 0f California, Berkeley1994. (URL = http://www-
fields. The diference in results substantiates our assum sac.eecs.berkeley.edu/archive/masters/judy/)

: R : 6] C. Liu, T. Tsao, ¥C. Tai, J. Leu, C.-M. Ho, WL.
tion that the demagnetizing field redudésis predicted by Fll-gng, and D. Miu, “Out-of-plane permalloy magnetic actu-

Eq. (12). A plot ofM as a function oHg,; is given in Fig.  ators for delta-wing control,Proceedings of IEEE Mior
7, showing thaHg,; = 13.6 kA/m saturates the deflectedElectro Mechanical Systems (MEMS ‘9Bmsterdam, the
device. Netherlands, (January 29, February 2, 1995), pp. 7-12.

The electroplated NiFe was measured to reflect 75% ¢7] W. C. Tang, T-C.H. Nguyen, M. WJudy and R. T

; ; we, “Electrostatic-comb drive of lateral polysilicon res-
the optical power of a laser beam, which was scanned ngﬁators,”Sensors and Actuators A (Physicalpl. A21,

135° with this actuated micromirror. no. 1-3, pp. 328-331, 1990.
[8] R. J. Roark,Roarks Formulas for Strss and Strain
CONCLUSIONS 6th Edition, Warren C. Young Editor, New York, McGraw-

. L Hill Book Co., 1989.
This research has demonstrated that magnetic films ¢ S. P. Tmoshenko and J. N. Goodidiheory of Elastic-

be integrated with torsional-polysilicon flexures in a Sim"lty, 3rd Edition, New York, McGraw-Hill Book Co.. 1970.
plified batch-fabrication process. Prototype devices can 0] B. D. Cullity, Introduction to Magnetic Materials
deflected 90 out of the plane of the wafer by a magneticReading, Massachusetts, Addisoeahy Pub. Co., 1972,
field of ~10 kA/m. The magnitude of the driving field p. 527.

required for a given angular deflection can be significantly11] J. A. Osborn, “Demagnetizing factors of the general
reduced by thinning the torsional beams. The experiment@llipsoid,” Phys. Rey vol. 67, no. 1 & 12, pp. 351-357,
behavior of these devices are well predicted by a magnet?cq45-

model that includes magnetic anisotropy and tfeces of  [12] S- Liao, “Electrodeposition of magnetic materials for
the demagnetizing field. This actuation technology is wel hin-film heads "IEEE Transactions on Magnetics/ol.
9 g held. gy 6, no. 1, pp. 328-332, 1990.



