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a b s t r a c t

A DRIE assisted wet anisotropic bulk micromachining (DAWN) process is demonstrated to fabricate var-
ious three-dimensional MEMS devices on a silicon-on-insulator (SOI) wafer. This SOI DAWN process can
realize thin film structures, reinforced (thin film) structures, and thick structures with totally different
mechanical characteristics. Various passive and active mechanical components, including flexible springs,
rigid structures, and actuators, have been fabricated using the SOI DAWN process and have been further
Keywords:
SOI DAWN process
F
T

integrated to create MEMS devices which are flexible as well as movable in both in-plane and out-of-plane
directions. This SOI DAWN process has been successfully applied to produce various multi-DOF devices
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abrication platform
hree-dimensional MEMS devices

made of single crystal silic

. Introduction

Micromachining on a silicon-on-insulator (SOI) wafer is
egarded as a promising fabrication process. SOI wafers consist of
silicon device layer, separated with a silicon handling substrate

y an insulator (buried SiO2 layer). In general, this process employs
he BOSCH deep reactive ion etching (DRIE) process to define the
ilicon device layer, and then the structure is released by removing
he buried SiO2 layer [1,2]. The etching process of BOSCH DRIE is
rystal plane orientation independent and the removal of the buried
iO2 layer is an isotropic etching process. Hence, various suspended
icromachined structures made of single crystal silicon (SCS) are

vailable on SOI. On the other hand, the convex corner undercut
ffect [3,4] and the characteristics of crystal planes of SCS are not
mployed in the SOI process. Thus, the micromachined structures
vailable on SOI wafers are limited.

In general, a complete MEMS mechanism consists of active com-
onents such as actuators, and passive components such as springs,
inges, linkages, plates, etc. Various MEMS devices are fabricated by

sing the combination of these passive and active micromachined
omponents. For instance, the scanning mirror [5] is a typical 1-
OF (degree-of-freedom) MEMS device; the position stage [6] is
2-DOF device; and the three-axis accelerometer [7] is a 3-DOF
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evice. According to the superior mechanical properties of SCS
8] and the relatively simple fabrication process, many moveable

EMS devices have been implemented onto a SOI wafer. The thick-
ess of SOI MEMS devices (in the out-of-plane direction) has been
etermined by the thickness of device silicon layer. The bulk and
tiff structures such as the mirror plate are realized in this manner;
eanwhile the spring also becomes stiff in the out-of-plane direc-

ion. Moreover, the structures flexible in the in-plane direction are
requently been implemented on SOI wafer [9,10]. However, it is
ot straightforward to fabricate SOI MEMS devices flexible in the
ut-of-plane direction [11].

This study intends to further extend and elaborate the work
n [12,13] by using the DRIE assisted wet anisotropic bulk

icromachining on SOI wafer (SOI DAWN) process to fabricate
hree-dimensional MEMS devices with stiffness ranging from 0.1
o 104 N/m and a variety of actuators onto a SOI wafer. This process
pplies the concepts of convex corner compensation and non-
1 1 1) sidewall protection in [14] on the silicon device layer of
he SOI wafer. This process integrates both wet anisotropic etch-
ng and DRIE. The thick suspended structure formed by the silicon
evice layer is available after the buried SiO2 layer is removed. To
emonstrate the capability of the SOI DAWN process, various active
nd passive components have been fabricated and integrated, and
ulti-DOF devices made of SCS have been produced [15].
. Concept and fabrication processes

The goal of the SOI DAWN process is to fabricate and inte-
rate various thin film and bulk structures onto a SOI wafer. The

http://www.sciencedirect.com/science/journal/09244247
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Fig. 1. Flow chart o

equence of this three-photo masks fabrication process is illus-
rated in Fig. 1, which employed the low-resistance (1 0 0) SOI wafer
s the substrate. As illustrated in Fig. 1a, the SiO2 was thermally
rown, and then patterned using the 1st photo mask to define
he area of boron doping. The SiO2 layer was removed by diffu-
ion after boron doping. As depicted in Fig. 1b, the Si3N4 and SiO2
lms were deposited and then patterned using the second photo
ask. After that, the second Si3N4 film was deposited and then

atterned using the third photo mask. The Si3N4 and SiO2 films
n Fig. 1b acted as the etching masks. DRIE was then used to etch
hrough the Si device layer of the SOI wafer, as shown in Fig. 1c.
ccording to the etching lag characteristic of DRIE, various etch-

ng depths were realized by tuning the openings of the masks. As
llustrated in Fig. 1d, thermal SiO2 protected the sidewalls of the Si
fter DRIE. Silicon nitride acted as the mask for the selective ther-

al oxidation. As shown in Fig. 1e, after removing the second Si3N4

lm, the second DRIE together with the heavily doped boron was
sed to tune a cross section of thin film structures. In this step,
he SiO2 film also acted as the mask for the second selective boron
iffusion. After the wet anisotropic silicon etching in Fig. 1f, the

t
m
t
i
o

OI DAWN process.

hin film and reinforced thin film structures (referred to as “rein-
orced structures” hereafter) were released from the device layer
sing the convex corner undercut effect. During the wet anisotropic
tching process, the non-{1 1 1} crystal planes of the bulk struc-
ure were protected by a SiO2 protection film. The thin structure
nd the reinforced structure were prevented from etching due to
he boron etch-stop effect. As shown in Fig. 1g, the bulk structures
ere suspended after removing the buried SiO2 layer underneath;
eanwhile, the SiO2 protection film indicated in Fig. 1f was also

tched away.
As indicated in Fig. 1g, the available structures have been charac-

erized as passive and active mechanical components. The passive
omponents consist of flexible springs and rigid inertias; and the
ctive components include various actuators. The black region
ndicates thin film and U-shape reinforced structures [16]. The

hickness of these structures ranges from submicron to several

icrons, and is determined by the heavily boron doped process. The
hin film structure is flexible in the out-of-plane direction allowing
t to act as the linear as well as the torsional springs in the out-
f-plane direction. The cross section of the thin film structure can
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ig. 2. SEM micrographs showing (a) reinforced thin film cantilevers with differen
pring formed by the reinforced thin film; (d) a thin film gimbaled structure supp
tructure; (f) the reinforced inner stage of a thin film gimbaled structure.

e modified in Fig. 1e. This approach can further be employed to
odify the stiffness of the U-shape reinforced structure indicated

n Fig. 1g. According to the analysis in [17], the bending stiffness
f a 2 �m thick U-shape reinforced structure increases from 10- to
45-fold as the DRIE etching depth in Fig. 1e increases from 1 to
0 �m. As indicated in Fig. 1g, some of the reinforced structure has
higher stiffness-to-mass ratio and can be employed to act as a

igid component, such as a proof mass, mirror plate, position stage,
tc. The stiffness-to-mass ratio of the reinforced structure makes
t ideal for various applications; for example, a reinforced mirror
as a higher scanning frequency [5,18]. The gray region shows the
ulk structures with thickness determined by the device layer. The
hick structure of smaller width is flexible in the in-plane direc-
ion, and acts as an in-plane linear spring. The width of the bulk

tructure and the spring constant are tuned by using the pho-
olithography process in Fig. 1a and b. A bulk structure of larger
idth as indicated in Fig. 1g will act as a rigid inertia component.

ince the aforementioned thin film and bulk structures can be fab-
icated and integrated using the SOI DAWN process, fabrication

t
r
c

ess; (b) thin film and reinforced thin film cantilevers fixed to a mesa; (c) a folded
by two circular mesas; (e) a reinforced supporting frame of a thin film gimbaled

f 3D MEMS structures with a wider range of mechanical charac-
eristics becomes possible, significantly improving the variety and
erformance of the micromachined devices.

. Fabrication results and basic components

To demonstrate the feasibility of this study, various microma-
hined structures have been designed, fabricated, and integrated
sing the process in Fig. 1. This section will introduce the fabrication
esults, and then show various basic passive and active components
uch as rigid inertia, flexible springs, and actuators realized using
he SOI DAWN process.

.1. Suspended thin film, reinforced, and bulk structures
Fig. 2 shows various thin film structures and reinforced struc-
ures. The SEM photos in Fig. 2b show suspended thin film and
einforced cantilevers, made of 2 �m thick p++ Si, fixed to a thick cir-
ular mesa. The rib defined by the second DRIE in Fig. 1e is 100 �m
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3.4. Out-of-plane actuators
ig. 3. Typical rigid structures realized by the SOI DAWN process: (a) rigid inertia
nd frame integrated with suspended thin film springs; (b) rigid inertia with a cavity
ormed by (1 1 1) crystal planes.

n depth; and the bending stiffness (in the out-of-plane direction) of
he reinforced cantilever increased nearly 3000-fold, as predicted
y the analysis in [17]. Fig. 2c shows a folded spring formed by
he reinforced thin film. The hollow reinforced structure is clearly
bserved. According to finite element analysis, the out-of-plane
ending stiffness of the reinforced folded spring increased by three
rders of magnitude as the DRIE depth in Fig. 1e exceeds 100 �m.

The position of the reinforced structure can be defined by the
hotolithography in Fig. 1a and b. Thin film structure can be rein-
orced only at some particular portions. As a result, both flexible
nd stiff structures were fabricated and integrated using the same
lm. Fig. 2d–f shows typical examples of the combination of thin
lm and reinforced structures. Fig. 2d shows a thin film gimbaled
tructure supported by two circular mesas. The gimbaled structure
ainly consisted of two torsional springs, one supporting frame,

nd one inner plate. By comparison, the supporting frame of the
imbaled structure in Fig. 2e was replaced by a reinforced struc-
ure; however, the inner plate and its torsional spring remained thin
lm structures. In this case, the supporting frame was regarded as a
igid component. According to finite element analysis, the stiffness
f this reinforced frame increased 18,000-fold. In Fig. 2f, the inner
late and its torsional spring were replaced by a reinforced struc-
ure; however, the supporting frame remained a thin film structure.
he stiffness of the reinforced plate was increased 4300-fold as
redicted by finite element analysis.

It is well known that suspended bulk rigid structures can be
irectly implemented using the device silicon layer of a SOI wafer. A
ypical example shown in Fig. 3a is the 60 �m thick rigid frame and
igid inertia. SOI DAWN can further integrate these bulk rigid struc-
ures with the suspended thin film springs, as indicated in Fig. 3a.
OI DAWN also employed silicon anisotropic etching to fabricate a
avity with (1 1 1) crystal planes on the rigid inertia, as shown in
ig. 3b.

.2. In-plane and out-of-plane springs

The suspended thin films, reinforced, and bulk structures fabri-
ated by SOI DAWN offer springs with totally different mechanical
haracteristics, as demonstrated in Fig. 4. As shown in Fig. 4a, a rigid

ass was supported by eight springs made of a 60 �m thick device

ayer. These bulk structures acted as the in-plane linear spring. The
hickness of the in-plane spring offered a high stiffness in the out-
f-plane direction preventing unwanted out-of-plane motion. The

o
v

ig. 4. Typical springs available by the SOI DAWN process: (a) in-plane bending
prings; (b) out-of plane torsional spring; (c) out-of plane bending spring.

lanar shape and dimensions of these in-plane springs were deter-
ined by photolithography. Thus, the in-plane spring stiffness was

asily adjusted by the fabrication process. Fig. 4b demonstrates a
hin torsional spring, which allowed the rigid block to move angu-
arly in the out-of-plane direction. The circular rigid mass in Fig. 4c
as supported by four 2 �m thick p++ Si structures. These thin
lm structures acted as the linear out-of-plane spring. The rigid
ass moved in the out-of-plane direction when these thin struc-

ures were bent. In addition, the thin linear and torsional springs
n Fig. 4b and c were connected to a bulk rigid frame, which was
upported by four bulk in-plane springs. In short, the SOI DAWN
uccessfully demonstrated its capability of integrating various bulk
nd thin films to increase the degrees of freedom of micromachined
omponents.

.3. In-plane actuators

Many in-plane these high-aspect-ratio-MEMS (HARM) actua-
ors fabricated using the device silicon layer of a SOI wafer have
lready been reported in [4]. The SOI DAWN process was able to
mplement these in-plane HARM actuators using a device silicon
ayer, and three typical results are shown in Fig. 5a–c. Fig. 5a shows

comb-drive electrostatic actuator array; and Fig. 5b is a paral-
el plate gap-closing electrostatic actuator array. A hot–cold beam
lectrothermal actuator array is shown in Fig. 5c. Since these actu-
tors consisted of 60 �m thick HARM structures, the coupling of
nwanted out-of-plane motion was prevented. The thin film in-
lane actuators were achieved using the SOI DAWN process. Fig. 5d
hows a hot–cold beam electrothermal actuator made of 1 �m thick
++ silicon.
The presented SOI DAWN process has already realized various
ut-of-plane actuators, as demonstrated in Fig. 6. Fig. 6a shows a
ertical-comb electrostatic actuator. The partially trimmed silicon



660 H.-Y. Chu et al. / Sensors and Actuators A 147 (2008) 656–664

F omb
a

d
a
m
a
t

F
c

ig. 5. Typical in-plane actuators fabricated by the SOI DAWN process: (a) HARM c
ctuator; (d) thin film thermal actuator.
evice layer was anchored to the substrate, and acted as station-
ry comb electrodes. The p++ Si reinforced structure acted as the
oving electrodes. Fig. 6b demonstrates a gap-closing electrostatic

ctuator. The handling wafer in Fig. 6b acted as the stationary elec-
rode, whereas the rigid mass made of a bulk device layer acted

ig. 6. Typical out-of-plane actuators available by the SOI DAWN process (a) vertical
omb actuator; (b) gap-closing actuator; (c) bi-directional electrothermal actuator.
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drive actuator; (b) HARM gap-closing actuator; (c) HARM hot–cold-beam thermal

s the moving electrode. In addition, this study utilized the con-
ept reported in [19] to fabricate the bi-directional out-of-plane
lectrothermal actuators using the p++ Si film. As depicted by the
llustration in Fig. 6c, the thermal actuator consisted of four beams
ocated at different depths. The two outer beams expanded and
aused the actuator to move downward when the current flowed
rom pad 1 to pad 4. The two inner beams expanded and led to the

oving upward of the actuator when the current flowed from pad
to pad 3.

. Components integration and applications

The micromachined structures and components presented in
igs. 2–6 were all fabricated using the SOI DAWN fabrication plat-
orm. Further establishing the capability of the SOI DAWN process,
he multi-DOF MEMS devices were demonstrated by monolithically
ntegrating the components in Figs. 2–6.

.1. 1-DOF MEMS device

Two typical examples of 1-DOF devices are the moving stages
hown in Figs. 7 and 8. The moving stage in Fig. 7 consists of two thin
lm torsional springs, a reinforced plate, and vertical comb actua-
ors shown in Fig. 6a. The moving stage has angular displacement
hen driven by the vertical comb actuators. The measurement

esults in Fig. 7b show the variation of the angular displacement
nd the driving voltage. The angular displacement is near 1.3◦ with
driving voltage of 50 V. The moving stage in Fig. 8 consists of a bulk

igid block, and the thin film thermal actuator shown in Fig. 6c. The

oving stage has linear displacement when driven by the thermal

ctuator. The measurement results in Fig. 8b show the variation of
he linear displacement and the driving voltage. The out-of-plane
isplacement was observed to be 3.25 �m for a driving voltage of
V.
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ig. 7. A 1-DOF torsional moving stage: (a) the moving stage consists of two thin
lm torsional springs, a reinforced plate, and vertical comb actuators; (b) measured
ngular displacements versus driving voltages of the stage.

Other examples are available in Fig. 9. Fig. 9a shows a linear

oving stage consisting of a bulk platform, bulk linear comb actu-

tors, and reinforced thin film suspension. The comb electrodes
ere made of a device silicon layer, so as to increase the electro-

tatic driving force. The reinforced folded spring was exploited to
ignificantly reduce the in-plane stiffness and to reduce the driv-

ig. 8. A 1-DOF linear moving stage: (a) the moving stage consists of a bulk rigid
lock and a thin film electrothermal actuator; (b) measured linear displacements
ersus driving voltages of the stage.
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ig. 9. Other 1-DOF MEMS devices available by the SOI DAWN process: (a) a bulk
inear moving stage supported by reinforced folded springs; (b) a thin film specimen

onolithically connected to a bulk Si comb actuator for bending test; (c) a linear
osition stage with sidewalls of (1 1 1) crystal plane for optical applications.

ng voltage, while its out-of-plane stiffness remained large enough
o support the actuator. Fig. 9b shows an on-chip test stand for
hin film material testing. The test stand consists of bulk angu-
ar comb drive actuators supported by bulk folded suspensions. A
ery thin test beam with a thickness of less than 2 �m was mono-
ithically connected to this actuator after the fabrication process.
he comb actuator was designed to conduct a bending test on the
hin film eliminating the need for assembly and alignment of the
ctuator and test specimen. Fig. 9c shows a linear position stage
or optical applications. The position of the block with sidewalls
f (1 1 1) crystal plane was precisely tuned by the linear moving
latform.

.2. 2-DOF MEMS devices

Figs. 10 and 11 demonstrate a 2-DOF position stage and a 2-DOF
robe, respectively. The 2-DOF position stage in Fig. 10a can move

inearly and angularly in the out-of-plane direction. This rigid bulk
tage was supported and driven by the out-of-plane electrothermal
ctuators shown in Fig. 6c. The stage experienced a linear out-of-

lane motion when both actuators moved in the same direction.
owever, the stage experienced an angular out-of-plane motion
hen these two actuators moved in the opposite direction. The
easurement results in Fig. 10b show the variation of the linear

nd angular displacements with the driving voltage, respectively.
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ig. 10. A 2-DOF position stage: (a) the SEM photo of the stage; (b) measured out
ersus driving voltages of the 2-DOF position stage.

ig. 11a shows a bulk probe suspended by the thin film hot–cold
eam actuator array. This 2-DOF probe made of a bulk device layer

an move linearly in both in-plane and out-of-plane directions. As
iscussed in Fig. 5d, these hot–cold beam thermal actuators were
sed to drive the probe linearly in the in-plane direction. In addi-
ion, these thin actuators also acted as the out-of-plane bending

w
T
t
d

ig. 11. A 2-DOF bulk probe: (a) SEM photo of the probe; (b) measured in-plane displace
-DOF bulk probe.
ane linear displacements (circular dots) and angular displacements (square dots)

prings. The out-of-plane motion of the probe was driven by the
ap-closing electrodes presented in Fig. 6b. The probe and handling

afers acted as the moving and stationary electrodes, respectively.

he measurement results in Fig. 11b, respectively, show the varia-
ion of the in-plane and out-of-plane linear displacements with the
riving voltage.

ments (left) and out-of-plane displacements (right) versus driving voltages of the
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ig. 12. A 3-DOF position stage which can move linearly in both in-plane and out-
ts simulated mode shape of the out-of-plane mode driven by the comb-drive actua

ode driven by the gap-closing actuator.

.3. 3-DOF MEMS device

Fig. 12a shows a 3-DOF-position stage, which is designed to
ove linearly in two in-plane and one out-of-plane directions. The

inear comb-drive actuators depicted in Fig. 5a drove the in-plane
otion, and the gap-closing actuator presented in Fig. 6b drove the

ut-of-plane motion. The close-up SEM photo in Fig. 12a indicates
hat the bulk rigid stage is connected to a rigid frame by four ser-
entine thin film springs. In addition, the rigid frame is supported
y four bulk dual-beam springs. The bulk dual-beam spring was
0 �m thick by 6 �m wide and the thin serpentine spring was 2 �m
hick by 12 �m wide. The bulk dual-beam springs together with
he comb-drive actuators only allow the stage to move in either
he x-axis or y-axis (in-plane) direction [5]. The serpentine thin
pring together with the gap-closing electrodes allow the stage to
nly move in the z-axis (out-of-plane) direction. The measured fre-
uency responses and the mode shapes predicted by ANSYS are
hown in Fig. 12b and c. The FEM simulation results show that the
otions of the movable platform in the x-, y-, and z-axes can be
ontrolled independently. The out-of-plane mode measured by a
ommercial Laser Doppler Vibrometer (LDV) was 87 kHz. Since the
ynamic characteristics of the platform were designed to be sym-
etrical in the x-and y-axes, the in-plane modes measured by LDV
ere 106 kHz.

A

w
o

ne directions: (a) SEM photos of the stage; (b) measured frequency response and
c) the measured frequency response and its simulated mode shape of the in-plane

. Conclusions

This study has demonstrated a DRIE assisted wet anisotropic
ulk micromachining process to fabricate various three-
imensional MEMS devices on a SOI wafer. In addition to
icromachined structures realizable by wet anisotropic etching

nd DRIE, this process can also fabricate micromachined structures
sing the device layer of a SOI wafer. Thus, the presented SOI DAWN
rocess can realize and integrate thin film structures, reinforced
tructures, and bulk HARM structures. Moreover, various passive
nd active mechanical components have also been developed and
eported, for instance, the in-plane and out-of-plane springs and
ctuators, and rigid inertia. SOI DAWN can be used to integrate
hese components to create various MEMS devices. In this study,

EMS devices with 1–3 DOF have been demonstrated. Since SOI
AWN only needs three masks, and no critical alignment and
onding process is required, it has the potential to become a very
seful and promising fabrication platform for MEMS.
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