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Abstract—We have developed a novel batch-fabrication
single-crystalline silicon micromirror bonding process to fabricate
optically flat micromirror on polysilicon surface-micromachined
two-dimensional (2-D) scanners. The electrostatically actuated
2-D scanner has a mirror area of 460 m 460 m and an
optical scan angle of 7.5 . Compared with micromirror made by
standard polysilicon surface-micromachining process, the radius
of curvature of the micromirror has been improved by 150 times
from 1.8 to 265 cm, with surface roughness 10 nm.

Index Terms—Bonding, deep reactive ion etching, micro-
electromechanical devices, micromirrors, optical scanners,
silicon-on-insulator.

M ICROELECTROMECHANICAL systems (MEMS)
have emerged as one of the most promising technologies

to fabricate microoptical devices such as switches [1], [2] and
scanners [3]–[5]. The surface-micromachining technique is par-
ticularly attractive because of its versatility [6] and its potential
integrability with complementary metal–oxide–semiconductor
(CMOS) circuit process [7]. However, the micromirrors fab-
ricated by the standard polysilicon surface-micromachining
process (e.g., Multi-User MEMS Process, or MUMPs, offered
by CRONOS) exhibit significant curvature due to residual
stress of the deposited thin films [8], [9]. Furthermore, the
surface topology is often affected by structures underneath the
micromirror [10], [22]. For most applications, flat micromirrors
with radius of curvature 30 cm and surface roughness /10
are desired [11].

Though surface topology can be improved by careful layout
design [10], [22] or adding a CMP process [12], the micromir-
rors are still subject to the residual stress and stress gradient.
Meanwhile, silicon-on-insulator (SOI) has become popular ma-
terial in bulk micromachining to fabricate MEMS devices be-
cause it simplifies the fabrication process and results in a very
flat mirror surface [13]. Furthermore, SOI has been successfully
integrated with surface micromachined scanners to improve the
flatness of micromirrors [14].

We have developed a novel hybrid bulk/surface-microma-
chining process to fabricate high-performance micromirror on
MUMPs chips. The micromirrors are formed on thick (10

m) SOI and then bonded to surface-micromachined actuators.
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This batch-fabrication process takes advantages of the flatness
achievable with single crystalline silicon micromirrors without
sacrificing the design flexibility of the standard polysilicon
surface-micromachining process. We used AZ4620 photoresist
for our adhesive bonding process because it can be easily
patterned for selective area bonding and its ability to form
void-free bonding [15]. In this letter, we describe the fabrication
and the performance of the MEMS 2-D scanners with bonded
micromirrors. Optical scanners with large (460m 460 m)
and flat (radius of curvature 265 cm, surface roughness10
nm) micromirrors have been successfully demonstrated.

The deformation of the micromirror fabricated by standard
polysilicon surface-micromachining technology is caused by
residual stress and stress-gradient in the thin-film deposition
processes. More insight on the factors affecting the flatness
of micromirrors can be obtained by examining the analytical
expression of 1-D structures [9]

sec

and (1)

where is the Young’s modulus, is the moment of inertia,
is the deflection, is the direction variable, is the length of
the mirror, is the mirror thickness and and the cross-section
area of the mirror, respectively, is the reactive axial force and

is the bending moment, which are caused by residual stress
and stress gradient, respectively. The equation shows that the de-
flection of the mirror can be reduced by increasing its thickness
(larger ) and reducing the bending moment (smaller). SOI is
an ideal candidate for micromirror because it is free of internal
stress and has smooth surface. Besides, SOI with a wide range
of silicon layer thickness is available for making micromirrors.

The MEMS 2-D scanner used in this experiment is similar to
that reported in [3]. It is fabricated by MUMPs. Fig. 1(a) shows
the scanning electron micrograph (SEM) of the 2-D scanner.
The polysilicon micromirror is attached to two nested rings by
orthogonal folded springs. The 2-D scanner is realized by the
self-assembled Micro-Elevator by Self-Assembly (MESA) [16]
structures, which raise the polysilicon mirror to 60m above
the substrate to increase the scanning angle. The self-assembly
process is controlled by the integrated scratch drive actuators
[17], and no manual intervention is necessary. Scanning of the
micromirror is actuated electrostatically by the four split elec-
trodes underneath the mirror.
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Fig. 1. SEM pictures of assembled 2-D scanner with (a) polysilicon mirror
and (b) single crystalline Si mirror.

Fig. 2. Schematic drawing illustrating the mirror bonding process.

The SEM of the improved 2-D scanner with single-crys-
talline micromirror is shown in Fig. 1(b). The single-crystalline
silicon mirror bonding process is described in Fig. 2. First, a
thinned SOI wafer with 200-m-thick substrate is flipped over
and bonded to the MUMPs chips by photoresist (AZ 4620). The
photoresist is spun over the entire chip and the bonded wafers
are baked in a vacuum oven at 140C for 8 h. The SOI wafer is
slightly smaller than the scanner chip so the alignment markers
on the scanner chip can be utilized to align the micromirror.
The substrate of the SOI wafer is then completely removed by
deep reactive ion etching (DRIE), which stops at the buried
oxide layer. The exposed area of the MUMPs chip is protected
by the photoresist during DRIE etching. The 1-m-thick buried
oxide of the SOI wafer is etched away in 49% HF solution for 1

(a) (b)

Fig. 3. 3-D plot and cross section profile of (a) polysilicon mirror and (b)
single crystalline Si mirror.

min, as shown in Fig. 2(b). The single crystalline silicon mirror
is aligned to the polysilicon actuators by photolithography and
then patterned by DRIE using photoresist as masks. After that,
the remaining photoresist is cleaned by oxygen plasma and the
chip is baked in the oven at 230C for 3 h to hard cure the
photoresist underneath the single crystalline silicon mirror. It
is then fully released in HF solution and rinsed in water and
isopropanol alcohol; the MEMS 2-D scanner is assembled by
the on-chip actuators.

Fig. 3 shows the measured deformation of the thin-film
polysilicon mirror and the single crystalline silicon mirror
after they are released and assembled. The measurement is
performed by an optical interferometric surface profiler. Using
the first-order paraxial rays approximation [18], the radius of
the curvature is calculated by the expression

(2)

where is radius of curvature, is the length of the mirror (460
m in this experiment), and is the deformation of the mirror

from the center to the edge. The deformation of the polysilicon
mirror is measured to be 1.45m in convex shape, which corre-
sponds to a curvature of 1.8 cm. The micromirror consists of an
oxide layer trapped between two polysilicon layers with a total
thickness of 4.25 m. On the other hand, the deformation of the
single crystalline mirror is less than 10 nm, which corresponds
a radius of curvature greater than 265 cm. The measured thick-
ness of the single crystalline silicon is 22.5m.

The quality of the micromirrors is also examined optically.
The experimental setup is shown in Fig. 4. The optical beam
from a He–Ne laser is reduced by a telescope to 0.28 mm in
diameter so it is completely covered by the micromirror. The
profiles of the optical beam reflected from the micromirrors are
recorded by a CCD camera. A neutral density filter is used to
prevent CCD from saturation. As shown in Fig. 4, the optical
quality of the single crystalline micromirror is better than that
of the polysilicon micromirror. The full-width at half-maximum
spot sizes of the beams reflected from the polysilicon and the
single crystalline silicon mirror are 2.04 and 0.3 mm, respec-
tively. That means that the number of resolvable spots for the
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Fig. 4. Far-field distribution pattern of optical beam reflected from (a)
polysilicon mirror and (b) single crystalline mirror for collimated input beams.

single crystalline mirror is about seven times better than that of
the polysilicon mirror for the collimated beam. The maximum
mechanical scan angles of both optical scanners are7.5 .

The bonding strength is measured by the pull-off method,
which measures the force needed to separate two bonded
pieces. Under the current bonding condition, the bonding
strength is measured to be approximately 0.75 MPa (limited
by the resolution of test equipment). This is slightly lower
than (but comparable to) the bonding strengths reported for
other adhesive bonding methods: 2–10 MPa for fluoropolymer
bonding [19], 0–4 MPa for SiO–SiO bonding [20], and 1.6
MPa for UV-epoxy [21]. Nevertheless, it is strong enough to
survive the releasing and drying processes as well as normal
operation of the scanner. The bonding quality depends critically
on whether the interface is void-free or not. We perform the
initial bonding process (140C for 8 h) in a vacuum oven to
ensure removal of any trapped bubbles between the bonded
surfaces. The amount of pressure applied during the bonding
process is critical to the bonding strength. We applied a
pressure 3 MPa through a weight placed on the sample. The
final baking at 230 C further enhances the bonding strength
by resin crosslinking. The bonding method described in this
letter is a batch processing technique. In principle, it can be
extended to wafer-scale process. Indeed, it has been reported in
[15] that void-free bonding can be achieved between two flat
wafers using hard-baked photoresist. For bonding micromirrors
to a nonplanar actuator wafer, such as the MUMPs wafer used
in this letter, issues such as bonding uniformity and yield need
to be addressed. It is beyond the scope of the letter, since our
sample size is limited to chip scale by the foundry service.

In summary, we have successfully developed a novel bonding
process to improve the quality of micromirrors in optical MEMS
devices. MEMS 2-D optical scanners with bonded single crys-
talline Si micromirrors have been successfully demonstrated. A
radius of curvature 265 cm, surface roughness10 nm, and a
maximum mechanical scan angle of7.5 have been achieved.
Our new technique enables high-performance optical MEMS
devices to be built using low-cost, widely accessible commer-
cial surface-micromachining process.
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