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Abstract: A new microfluidic microelectromechanical light modulator using a magnetic fluid is introduced. The optical re-

flection from the device is modulated by applying an electric current into an electrode, which is enclosed by ferromagnetic

thin films as in an inductive head for a magnetic data storage device. The magnetic field produced by the current exerts a

magnetic force on the magnetic fluid and drives the fluid to cover the cell surface. The surface tension of the fluid provides

a restoring force when the field is reduced. The actuation of the fluid is completed in about 12 ms for both thin-to-thick

and thick-to-thin fluid film switchings by magnetic forces and surface tension forces, respectively. It was observed that

the switching speed was almost independent of the driving current, and no considerable thermal effect were observed when

driven by a current up to 100 mA.
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1 Introduction

During the last few decades, a variety of
techniques to implement microelectro mechanical
systems ( MEMS)-based optical modulators has
been explored™™!. The micromirror technologies
are the most prominent examples of the success
stories in the optical MEMS area. The mi-
cromirror devices have demonstrated great per-
formance particularly in the projection display

(23] Despite the great potential for com-

areas
mercial applications, the micromirror devices
have a clear drawback in the flat-panel display
(FPD) applications. If an FPD is the best fit by
a direct-view panel, it can be noticed that the sil-
icon-based MEMS has an insurmountable limit in

implementing large size flat display panel due to
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some of its inherent drawbacks such as structur-
al complexity and poor device scalability. It is
very hard to obtain a high level of uniformity
across a large panel due to the complexity in
process, and it is also very hard to have the pixel
size scale with the panel size.

Meanwhile, microfluidic MEMS has also
expanded its technical horizon into the area of
micromachines for optical applications. Al-
though most of the research effort has been fo-
cused on the mechanical, biological,and chemical
applications, continuous efforts have been made
to explore new areas in optical devices, particu-
larly for display applications™’. However, most
of the ideas reported to date show limited feasi-
bility for FPD devices partly because surface ten-
sion dominating the microworld is unfamiliar to

manage and require large power consumption”.
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However, microfluidic MEMS has unparalleled
potential advantages for FPD applications over
silicon-based technologies. Since no solid-state
driven parts are required, manufacturing process
could be simplified even for the handling of large
substrates.

It is known that magnetic fluid is a suitable
candidate material to implement an optical device
to modulate light intensity™™. Magnetic fluid
(MF) in the form of a thin film can be used to
control the light transmission through the fluid
by modulating its thickness'”’. The brightness
of a cell will be determined by the thickness of
the fluid film, and the thickness can be modula-
ted by applying a magnetic field in the fluid.
Moreover, it is possible to keep the magnetic
fluid to maintain its thickness profile-conse-
quently, the device brightness-by storing the
field pattern in a ferromagnetic medium as in
magnetic data storage devices. In this paper, we
introduce a new MF-base light modulator suited
for the implementation of a direct-view FPD pan-
el by forming a two-dimensional array. The de-
sign, fabrication, and experimental results of
the device’s and its optical performance are pres-

ented.
2 Operation principle

The operation of the device relies on the
modulation of light reflection from the surface of
the light reflective substrate by modulating the
thickness of the MF thin film placed on the sub-
strate. The MF thickness is modulated by apply-
ing a non-uniform magnetic field", which can
be produced by passing an electric current
through a patterned conductor that is in close
contact with the fluid. The magnetic force exer-
ted by that the field drives the fluid into the re-
gion of strong field making the place darker. On
the other hand, as the magnetic field strength is
reduced by lowering the current level, a small a-

mount of the fluid can be sustained by the field

making the region brighter. The excess liquid
spreads out to the lower-field regions by the ac-
tion of surface tension force.

Fig. 1 shows the schematic representation of
the device operation. As depicted in the figure,
most of the magnetic fluid will stay in the chan-
nel around the cell due to the capillarity when no
field is applied. Only a thin layer of the liquid
will reside on the mesa, and the cell will be at a
light state as in Fig. 1(a). On the other hand,
upon the creation of magnetic field in the middle
of the mesa by applying an electric current, a
certain amount of the fluid corresponding to the
field strength will be driven from the channel to
the mesa making its surface darker as shown in
Fig. 1(b).

One of the major concerns in the cell design
is to create a strong non-uniform magnetic field
in the middle of the mesa using a minimum a-
mount of driving current. Since it is required to
drive a large volume of fluid for a high contrast
ratio, it is essential to produce a magnetic field
as strong as possible. However, the current lev-
el to obtain a strong field is to be limited as low
as possible to minimize power consumption and
thermal effects such as thermocapillary convec-
tion and liquid evaporation. The power con-
sumption of the device is mostly due to the
Joulean heat generation in the current-carrying
conductor, and increases with the current level.
In addition, the heat generation in the conductor
results in thermocapillary convection by produ-
cing a temperature gradient in the liquid film™’.
The thermocapillary convection not only drives
magnetic fluid into the opposite direction to the
actuation by the magnetic field, but also is hard
to control.

A strong non-uniform magnetic field can be
created by enclosing the current-carrying elec-
trodes with a thin ferromagnetic film as in a thin-
film inductive head for magnetic storage devices
as depicted in Fig. 2. Fig. 2 (a) shows the top

view of the cell where the electrodes with a spi-
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ral shape and the magnetic gaps with a rectangu-
lar shape can be seen. Fig. 2(b) shows the cross-
sectional view of the cell along the cutting line
A-A’in Fig. 2(a). Also shown in the figure is
the magnified view of the cell cross-section. The
magnetic field will be concentrated in the vicinity
of the gap, and magnetic fluid will flow toward
the gap. The equilibrium shape of the liquid will
become approximately identical with one of the

field contours™®?.

Absorbed light
Reflected light

Magnetic fluid

Substrate

(a) Light state with a thin MF reflecting much of the

incoming light.

(b)Dark state with a thick MF absorbing much of the
incoming light

Fig. 1 Schematic representation of operation principle.

3 Experiment and discussions

A device with a structure shown in Fig. 2
was fabricated on an alumina (Al,O;) substrate
using a process developed for the fabrication of
thin-film inductive heads for magnetic data-stor-
age devices. Fabrication starts with the sputter
deposition of a base insulator (AL, O;; 0.5 pm)

followed by the deposition and patterning of
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Fig. 2(a) Top view of the device showing the spiral e-
lectrode coils and the rectangular magnetic

gaps
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Fig. 2 (b) Cross-sectional view of the device with a
magnified view showing the vertical layer

structure of the device.

metal I (Cu; 2.0 pm), insulator II (AL, O;; 0.3
pm) , permalloy I (NiFe; 3.5 pm), insulator 11
(UV-cured PR; 3.5 pym), metal II (Cu; 2. 5
pm) , insulator III (AL, Os; 4.5 pm), permalloy
II (NiFe; 3.5 pm), insulator IV (ALO;; 0.5
pm) layers. The copper (Cu) electrodes and the
permalloy (NiFe) shield layers were formed u-
sing electroplating after photoresist (PR) pat-
terning by photolithography. The insulator lay-
ers enclosing the coils were patterned using a
UV-cured photoresist. The device was passiva-
ted by a thin alumina film (insulator IV) for e-
lectrical insulation and surface protection from e-
rosion. Bonding pads using 5. 0 pm thick gold
(Au) were finally formed for safe wire bonding.
Fig. 3(a) and (b) show the cross-sectional and
aerial views of the fabricated cell, respectively.

The device used in the study consists of 16 turns
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of coil with a width/gap of 5 pm/2.5 pm and a
magnetic gap of 10 pm. A diced sample was
mounted on a lead frame, wire-bonded, and ap-
plied with magnetic fluid using a plastic blade. A
diester-base magnetite (Fe;O,) magnetic {luid
with a saturation magnetization about 270 X10"*
T and a specific gravity of 1.1 (@ 25 C) was

used in the study.

Channel

—— \

Fig. 3 (a) SEM micrograph of the cell cross-section.
spiral electrode coil and ferromagnetic thin

film enclosing the coil are visible.

Fig. 3(b)Photograph of the device aerial view

The device was tested by applying an elec-
tric current, which consists of repeating groups
of five 100 ms wide rectangular pulses with
gradually increasing amplitudes. The operation
of the device was investigated by analyzing the
images captured with an 8-bit gray scale using a
high speed CCD (Charge Coupled Device) camera
by translating the local brightness into thickness
as will be discussed below. Fig. 4 (a) and (b)
show the captured images (420 X 480 pixels,
frame rate=250 {ps) of the device before and at

the end of a 100 mA current pulse, respectively.

As shown in the figure, the liquid is driven to-
ward the gap region where the magnetic field is
concentrated, and the light reflection from the
surface is reduced. No significant thermal effect
has been observed under the pulsed operation up
to a current level of 100 mA. On the other
hand, it was found that thermocapillary convec-
tion starts to play a significant role in the fluid
actuation and the liquid starts to flow out of the
mesa when the current is increased above

100 mA.

(a)

(b)
Fig. 4 Captured images of the cell surface (a) before
and(b) at the end of the 100 mA current

pulse applied to the coil.

Fig. 5 shows the variation of the surface lu-
minance level along the horizontal center line of
the cell upon the application of driving current.
It can be seen from the figure that the regions
near the magnetic gaps become darker when the
current is applied. It is also recognizable that the
surface reflectance becomes slightly higher at the
mesa edges and the channel regions indicating

that the liquid is driven from the regions to the



546 Optics and Precision Engineering

Vol. 13

center of the mesa. It can be estimated {rom the
figure that the fluid thickness on the mesa is in-
creased by the liquid actuationwhereas that in
the channel is decreased. Considering that the
images were captured with a frame rate of
250 fps(each frame is 4 ms apart from the adja-
cent ones) , it was measured that the major por-
tion of the liquid actuationby magnetic forces is
completed in a few milliseconds. The returning
of the liquid by surface tension forcesfinishes in
a few milliseconds as well. It was also found
that the transition speed from a dark state to a
light stateis almost independent of the magnitude

of the driving current, i. e. the initial amount of

liquid.
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Fig. 5 Cell brightness along the horizontal centerline

before and after the application of the current

pulse with an amplitude of 100 mA

More liquid moves toward the gap as the
current level is increased and the dependence can
be visualized by plotting the volume (per unit
length) of the actuated fluid versus the applied
current as shown in Fig. 6. The figure shows a
linear relationship between the volume of the
driven liquid and the current above a threshold
level as well as a large nonlinearity at the low-
current region. Both of the features are favora-
ble for display applications, and the nonlinearity
in particular is essential for pixel addressing'!’.
The reliability of the magnetic fluid actuation
was investigated by observing the variation of

the luminance distribution across the cell be-

tween the repeating current pulses. It was found
that the luminance deviation is very small, and a
reliable operation can be achieved and can pro-

vide a proper sealing.
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Fig. 6  Volume of the actuated magnetic fluid as a

function of current pulse amplitude

4 Conclusions

It has been shown that the actuation of
magnetic fluid in the form of a thin film can be
performed electrically by applying a moderate
level of driving current. The thickness of the
fluid was modulated by the magnetic field gener-
ated by the current in the vicinity of the magnet-
ic gap at the center of the device mesa. The de-
vices used in the study were fabricated using a
process compatible with that for the fabrication
of thin film inductive head for magnetic data-
storage devices. The actuation of the diester-
base magnetite (Fe;O,) magnetic fluid with a
saturation magnetization about 270 X 10~* T
Gauss was achieved by applying electric current
pulses with an amplitude of 100 mA. The resist-
ance heating in the coil does not generate any
significant thermal effects if the current level is
maintained below 100 mA. The major portion of
the fluid actuation was completed in about 12 ms
for both the light-to-dark (i. e. thin-to-thick flu-
id film) switching by magnetic forces and the
dark-to-light (i. e. thick-to-thin fluid film) switc-

hing by surface tension forces.
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