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Abstract – This paper reports on the state-of-the-art of 
technologies for the design and fabrication of MEMS 
micro-mirrors.  We discuss the major design issues, 
considerations, calculations and restrictions of micro 
mirrors. The materials employed for the reflective surfaces 
are described along with their properties. The materials 
used for the static and dynamic MEMS micro structures as 
well as the different configurations are also presented and 
summarized. The two most widely used techniques for 
actuation, namely, Electrostatic and Magnetic are presented 
along with the formulas, tables and curves used to design 
the movable structures. The different options of fabrication 
processes are presented and discussed. Finally, the 
applications of micro mirrors are described. 
 
I.  INTRODUCTION 
 
MIRRORS are an important component in an optical system. 
Mirrors are found in almost every system that makes use of 
light sources and lenses. Their ability to reflect light and 
change its direction of propagation has been used for several 
centuries. Mirrors in the macroscopic world are very well 
understood and present no major challenges in their design 
and calculation. However, when the size of the mirror is in 
the order of a few microns, several issues and challenges 
come into place. The advances of MEMS technology in the 
last decade have made possible to design and fabricate micro 
mirrors that are actually used in real industrial and 
commercial applications. MEMS micro-mirrors are used 
today in fiber optic communications as switching devices, in 
digital displays and projectors, in laser scanners, printers and 
barcode readers, and in bioengineering for laser surgery. 
Probably the best known commercial application is the 
Digital Micromirror Device – DMDTM – a trademark of Texas 
Instruments [25]. Its development began in 1986 and 10 years 
later Texas formally introduced its DMD based projection 
system. The DMD is built around a two-dimensional array of 
pixels where each pixel is a movable micro-mirror. The 
micro-mirrors have an OFF/ON state that corresponds to a 
relative tilt angle of ±10
. 
 
II.  DESIGN OF MICRO MIRRORS 
 
There are many design alternatives depending on the specific 
application. In this section we summarize all the design  

 
issues, constraints, models, materials and fabrication 
processes that need to be considered when designing micro 
mirrors. 
 
Light wavelength and working environment. 
 
These are the two first parameters that need to be decided 
before selecting the reflective material. Aluminum is a good 
light reflector in the visible spectrum and gold excels in the 
infrared. Aluminum is the most common material for visible 
applications but its operation is limited to non-corrosive 
environments and temperatures below 300º C. For higher 
temperatures and harsher environments, gold is an excellent 
substitute but is more expensive [25]. Next section describes 
in more detail the materials used for the reflective surfaces. 
 
Surface Shape 
 
In the macroscopic world we find flat, spherical and parabolic 
mirrors. Current MEMS technology is to design flat micro 
mirrors. Any curvature found on a micro mirror is a negative 
effect that needs to be minimized. Coating stress induces an 
unwanted curvature in micro mirrors.  A method to apply 
coatings that simultaneously achieves high reflectivity and 
optical flatness has been developed [4]. 
 
It is possible to design curved surfaces, but there are no 
current applications for such mirrors. A mathematical model 
of a deformable micro-mirror built on a membrane that 
changes its shape upon voltage applied on multiple electrodes 
distributed along concentric circles has been developed [5]. 
 
Mirror Area Shape 
 
Flat MEMS micro-mirrors are usually designed as squares for 
simplicity.  However, the transfer functions that convert 
applied voltage into rotation angle in electrostatic actuators 
are highly non linear. A theoretical model to improve the 
linearization of the angle-voltage function has been 
developed [10]. The results show that to obtain such a 
function the mirror shape should be circular. 
 
Fixed vs. Movable Mirrors 
This decision is driven by the requirements of the specific 
application. Obviously, a fixed angle micro mirror is easier to 
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design and manufacture but still requires calculations and 
design decisions to be made. For example, a fixed angle 
switch for fiber optics communications is typically designed 
with vertical micro mirrors at 45º. Using this arrangement the 
light coming from the inbound fibers is deviated 90º to their 
corresponding outbound fibers. The issues here are: how to 
accurately and inexpensively obtain the desired final angle, 
how to align the optical fibers and what’s the optimal length 
of the path between the optical fibers and the mirrors to 
minimize losses. A method for self-assembly of silicon-based 
structures using their surface tension power was developed 
[2]. This method yields very good final angle accuracy and 
reduces manufacturing costs. The same author developed a 
mathematical model and found formulas and algorithms to 
calculate the optimal light path and corresponding losses 
[15]. Another method to integrate the fixed angle mirrors 
with optical fibers uses v-grooves on silicon created by wet 
anisotropic etching [3]. 
 
Movable mirrors on the other hand, need to be built on 
structures that can rotate or displace longitudinally. In its 
simplest form a mirror has only 2 stable angles or on/off 
positions. More complex designs require that the mirror or 
array of mirrors can be rotated to a specific angle. The 
minimum angle change (resolution) and the maximum angle 
(range) are important parameters.  There are basically two 
ways to accomplish the mirror rotation or displacement: 
electrostatic and magnetic actuation. These two techniques 
are explained in more detail later in this document. 
 
Mirror Size, Thickness, Materials and Fabrication 
 
The size of the mirror depends on the specific application but 
mainly on the expected cross section area of the light beams. 
Additionally, care has to be taken on deciding the final size 
and thickness of the reflective material of the mirror. The 
actual size of the thin film should be bigger than the required 
effective area. Thin metal films are deposited by sputtering 
and this process results in good step coverage – the flatness 
of the film over the desired area – but some thinning occurs 
near the edges. Also, in big areas micro mirrors (several mm2 
) etch holes are inevitable under current surface 
micromachining technologies. Etch holes (5x5� m2) are 
widely used in the surface micromachining process to reduce 
the time for releasing structures by sacrificial undercutting. It 
has been shown that these etch holes create Fraunhofer 
diffraction when a collimated light source (e.g. a laser beam) 
is incident [13].  
 
The reflective surfaces are mainly fabricated using aluminum 
or gold. The supporting structures are made out of SiO2, SOI 
(Silicon on Insulator) wafers, BSOI (Bonded Silicon on 
Insulator), Polysilicon Si (100) wafers and others. Among all 
the design parameters, the thickness of the thin metal film 
and the layer to which it is deposited play an important role in 
the final performance of the mirror. The thicker the metal 

film, the heavier the mirror and therefore, higher voltages 
will be needed to obtain the required torque to rotate it. Also, 
the thickness of the thin metal film is directly proportional to 
the final cost of the mirror. On the other hand, the thickness 
of both the metal and polysilicon (or any other structural 
material) layers have a direct incidence on the resulting   
stress of the metal which will produce a concave mirror if the 
stress is tensile or convex if the stress is compressive [4].  
Typical thickness of a metal layer is in the range of 0.2 � m to 
2 � m. Polysilicon layers are in the order of 1 to 2 � m, while 
silicon oxides and nitrides are in the order of 100 nm. 
 
Figure 1 shows intrinsic aluminum film stress versus film 
thickness. The data was derived from the measurement of the 
curvature of the silicon wafer. The experiment was done on 
the mirror shown in Figure 2 [6]. The hinges and reflective 
surface are both made of aluminum. Their respective 
thickness are 0.3 � m and 1.4 � m. The aluminum was  
 

 
 
Figure 1. Intrinsic aluminum film stress versus film thickness 
 

 
 

Figure 2. Torsional micromirror 
 
deposited at 300ºC creating tensile stress of 200 MPa and 600 
MPa in the plate and hinges respectively.  
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One technique to compensate the unwanted metal curvature is 
by fabricating a multi-stack mirror [4].  For a simple 2 layers 
mirror, where the top layer is a thin metal film and the bottom 
layer is polysilicon, like the one shown on Figure 3, an 
approximate way to calculate the curvature of the metal layer 
is as follows: 
 
 
 
 
 
 
Figure 3. Two-layers micro mirror 
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where  
 
� f stress of metal film 
�  curvature (in the order of nanometers) 
tf thin metal film thickness 
ts structural layer thickness 
vf thin metal film Poisson’s ratio 
vs structural layer Poisson’s ratio 
 
As an example, the following multiplayer stack produced a 
variable curvature, between 0.45 nm and 1.38 nm, after 
compensation with a silicon dioxide layer on top of the gold 
layer. Table 1 shows the layers characteristics and Figure 4 
shows the curve obtained with [1] and the experimental data. 
 
Layer Material Thickness 

(� m) 
Internal 
Stress 
(MPa) 

Elastic 
Modulus 

(Gpa) 
1 Polysilicon 1 1.9997 10 150 
2 Polysilicon 2 1.5010 7 150 
3 Gold 0.5170 43 80 
4 SiO2  Figure 4 101 80 
 
Table 1. Experimental multi-stack mirror 
 
III.  MATERIALS FOR REFLECTIVE SURFACES 
 
The reflective surfaces of mirrors are coated with metals 
being Aluminum (Al) and Gold (Au) the most commonly 
used. However, Chrome (Cr), Nickel (Ni) and even 
semiconductors can be used as reflectors. 
 
The reflectivity percentage is an important parameter. The 
reflectivity of metal-coated silicon increases with the 
thickness of the thin metal film until a saturation point is 

 
Figure 4. Experimental vs. calculated metal strain (nm) vs. 
silicon dioxide thickness (� m). 
 
 
reached [20]. Figure 5 shows the reflectivity of 4 metals, Al, 
Au, Ni and Cr as a function of the thickness of the film layer. 
The experiment was done with light with � =1300nm.  
 

 
Figure 5. Reflectivity versus thin metal film thickness 
 
It appears that an aluminum-coated mirror reaches its 
maximum reflectivity of 97% at a film thickness of 40nm. 
Gold films yield a good reflectivity of 97.5% at a layer of 
60nm. Other current micromachining materials, like nickel 
and chrome, have inferior reflectivities of only 72% and 63% 
respectively. 
 

Ef tf vf 
 
Es ts vs 
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The reflectivity of materials varies with the wavelength of 
light. Figure 6 shows the reflectivity of some metals and 
silicon versus light wavelength. 
 

 
Figure 6. Optical reflectivity of silicon and select metals 
 
It can be seen that silicon in general is not a good reflective 
material but at 250nm in the ultraviolet region, has a better 
reflectivity than gold and nickel at 550nm (visible-blue 
region). Gold is only used in the infrared region. Aluminum 
has less reflectivity than gold in the beginning of the infrared 
region, but is a good reflector in the entire light spectrum, 
from infrared to ultra-violet. Silver (Ag), although a good 
reflector is not a material used in micromachining. 
 
IV.  MICRO STRUCTURES AND MATERIALS  
 
The supporting structures and sacrificial structures for micro 
mirrors are mostly based on silicon and its combinations. The 
following silicon-based materials have been reported in 
several designs: Polysilicon, SiO2 (silicon dioxide), SixNy 
(silicon nitrides), SOI wafers (silicon on insulator), BSOI 
wafers (bonded silicon on insulator) and others. 
There are other materials that have been used, like glass, 
phosphosilicate glass (PSG), InGaAs (Indium Gallium 
Arsenide) for multi-layer mirrors and CMOS substrates for 
integrated mirror control. 
 
The geometry of the mirror and its supporting structure varies 
greatly and depends on the application. In this section we will 
describe some of the most common structures and materials. 
 
Figure 7 shows a micro mirror structure used for optical fiber 
switching. The main substrate is made out of glass and the 
movable mirror plate is metal-coated polysilicon. The mirror 
is displaced longitudinally in or out of a light beam, to 
deviate the input signal to the appropriate output optical fiber. 
 

 
 
Figure 7. Schematic of an optical switch with a movable 
mirror driven by electrostatic actuation [17] 
 
Another way to build movable mirrors is by using hinges that 
allow the mirrors to rotate. Figure 8 shows the simplest 
structure of a hinged micro mirror that consists of the mirror, 
an axle pin, a retaining staple and the base [12]. 
 

 
 
Figure 8. Basic hinged micro mirror. 
 
An improved hinge developed by A. Friedberg and R. Muller 
[12] uses a cantilever that is pressed up by the pin when the 
plate is in its flexed position. Figure 9 shows a vertical mirror 
supported by 3 hinges and Figure 10 shows a cross section of 
a single hinge. 
 
 



Florida International University, Advanced Electronic Systems I, Spring 2003 
State-of-the-art of MEMS Technology for Design and Fabrication of Micro-Mirrors 

 

 
 
Figure 9. Movable hinge with an extended pivot and axle pin 
held in place by cantilevers that are anchored alternatively on 
either side of the support section. 

 
Figure 10. Cross-section of a cantilever hinge. The axle pin 
itself is made wider that the polysilicon layer thickness so 
that it presses upward on the cantilever when the hinge is 
flexed. 

 
This torsion mirror and hinge were manufactured using the 
following layers of materials: 

 

 
 
Figure 11. Cross-section of the hinge layers. During release with HF, the PSG sacrificial layer is removed and the slider can 
move on the ground plane. 
 
Another common design is to arrange multiple mirrors in an 
array. The following structure shown in Figure 12 is used in 
an NxN fiber optic switch [15]. 
 
The specific design of each mirror varies and so its actuation, 
which can be translation into position on elastic linear 
suspensions, rotated into position on elastic torsion 
suspensions, rotated into position on freely pivoting hinged 
mounts or elevated out-of-plane. Figure 13 shows an array of 
circular mirrors suspended on circular frames. This design is 
called a two-axis gimbal-mounted torsion mirror. 
 
Another use of micro-mirrors is to design reflective devices. 
Figure 14 shows a white-light emitting thin film electro 
luminescent device (ELD) fabricated on a Si (100) substrate 
[21]. 
 
The base and substrate is Si(100) and the reflective surfaces 
are of the same material. The internal stack is made of 
BaTiO3 (300nm), ZnS:Pr (600nm),SiOxNy(250nm) and ITO 
electrode (100nm). 
 

 
Figure 12. Principle of NxN mirror-insertion free-space 
optical cross connect. 

 
 
Figure 13. Moving mirror switch based on a two-axis 
gimbal-mounted torsion mirror. 
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Figure 14. White light emitting device based on Si (100) 
 
A similar design with improved luminescence is presented in 
Figure 15 [21]. The substrate and base is made of glass and 
the reflective surfaces are metallic. The top layer is ITO, a 
transparent electrode 300nm thick. 
 

 
 
Figure 15. ELD with glass substrate and metallic mirrors. 
 
Several other structures and materials will be covered in the 
following sections, actuation and applications. 
 
V. ELECTROSTATIC ACTUATION 
 
Electrostatic actuation is the preferred method to produce the 
desired movement of micro structures. In its simplest way, 
consider the single pixel structure shown in Figure 16. 
Electrostatic pull-down of alternate ribbons changes the 
optical properties of the surface from reflective to diffractive 
[25]. 
 

 
 
Figure 16. Illustration of the operating principle of a single 
pixel in a grating light valve 
 
The grating light valve, GLV, is a novel display concept 
invented at Stanford University and manufactured for 
commercial purposes by Silicon Light Machines. Each pixel 
is a square of 20x20 � m2. The reflective surface is a 50 nm 
thick aluminum layer and the underlying electrode is made of 
tungsten (100 nm) isolated from the substrate by silicon 
dioxide. When a voltage is applied between the aluminum 
ribbons and the tungsten electrode, the ribbons bend down 
making the mirror to operate in a refractive mode. 
 
Comb Drive Actuator. 
 
This is one of the most common techniques to electro 
statically actuate mirrors or other structures. Figure 17 shows 
an example of a basic 2x2 optical switch actuated by a comb 
drive [25].  The comb drive consists of two sets of polysilicon 
combs, one with static fingers and the other dynamic fingers. 
When a voltage is applied between the two sets of combs, the 
fingers of the dynamic structure are attracted toward the static 
comb and slide into the fingers of the static comb. The 
supporting springs made of silicon are stretched. When the 
voltage is removed, the torsion springs retract the dynamic 
comb to its relax state. 
 
In this example, in the cross-state, light from the input fiber is 
deflected by 90
. In the bar-state, light from the input fiber 
travels unobstructed through the switch. This kind of switch 
is fabricated using silicon-fusion bonding and deep-reactive-
ion etching (DRIE). 
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Figure 17. Illustration of a 2x2 optical switch actuated by an electrostatic comb drive 
 
 
VI.  MAGNETIC ACTUATION 
 
Magnetic actuation of polysilicon flexural MEMS elements 
provides several desirable features. Techniques to batch-
fabricate these elements using electrodeposited NiFe films 
have been developed [11]. These are the benefits of using 
magnetic actuation: 

·   Large deflections (> 1mm) can be achieved using 
magnetic forces to actuate micro-flexural structures 

·  These large deflections can be achieved both parallel 
and perpendicular to the plane of the wafer 

·  Actuation can be achieved using magnetic fields 
generated by off-chip sources, enabling remote 
control 

·  The actuation force can be applied in a conducting 
environment such as a saline fluid 

 

Figure 18 shows the schematic of a basic torsional magnetic 
microactuator where the magnetic field is perpendicular to 
the wafer surface. 
 

 
 
 
 

Figure 18. Basic Magnetic Torsional Microactuator 
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A method to generate the magnetic field on-chip is to use a 
planar spiral coil. The coil can have a ferromagnetic core to 
increase the strength of the magnetic field, but its fabrication 
is more complicated, therefore, most coils are fabricated with 
no core. Figure 19 shows the schematic of a magnetically 
actuated plate that uses an integrated coil. 
 

 
 
 
Figure 19. Schematic representation of a torsional structure 
actuated by the magnetic field generated by an integrated 
coil. 
 
A SEM photograph of a coil-driven device consisting of 450 
� m-square nickel pattern plated onto a polysilicon plate is 
shown in Figure 20. The polysilicon plate is attached to the 
insulated substrate via two torsional springs 200 � m long, 2 
� m wide and 2 � m thick. The electroplated 5 � m thick nickel 
is also used as the conducting layer for the ten-turn coil (25 
� ) surrounding the microactuator. 
 

 
        (a)    (b) 
Figure 20. SEM photograph of a device with an integrated 
coil. 
 
The entire device, consisting of the coil and the moving 
structure, requires a square area of 1.4 � m on a side. With no 
current in the coil, the device lays flat, as in Figure 20(a); 
when 500 mA is applied, a field of approximately 5 kA/m is 

generated that rotates the device more than 45º out of the 
plane of the wafer [Figure 20(b)]. 
On-chip coil-actuated devices can achieve continuous 
positional control (current controlled better than 1 mA allows 
the angular position of the device to be controlled to less than 
0.16º), however, high power (6.25 W) and large chip area 
(2.25 � m2) are required for this design. 

The dependency of the angular deflection on the magnetic 
field is shown in Figure 21. The curves were obtained 
analytically and experimentally using DC voltage. It can be 
seen that the relationship is highly non-linear. 

 

Figure 21. Angular Deflection vs. Magnetic Field 

 
VII.  FABRICATION PROCESSES 
 
Many techniques are used to fabricate MEMS micro-mirrors 
and in general, MEMS devices. Most of these methods have 
been borrowed from the semiconductor industry. 
 
Basic Process Tools 
Figure 22 shows a typical cyclic process  of MEMS 
fabrication using standard basic tools and techniques. 

 
Figure 22. Basic process flow in micromachining. 
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Epitaxy, sputtering, evaporation, chemical vapor deposition 
and spin-on methods are common techniques used to deposit 
uniform layers of silicon, metals, insulators or polymers. 
Lithography is a photographic process for printing images 
onto a layer of photosensitive polymer (phtoresist) that is 
subsequently used as a protective mask against etching. 
 
Wet and dry etching, cluding deep reactive ion etching 
(DRIE), form the essential process to selectively remove 
material. The following sections describe briefly each 
technique. 
 
Epitaxy 
Epitaxy is a common deposition method to grow a crystalline 
silicon layer over a silicon wafer, but with a different dopant 
type and concentration. The epitaxial layer is typically 1 to 20 
� m thick. Epitaxy is widely used in the fabrication of CMOS 
circuits 
The growth occurs in a vapor-phase chemical deposition 
reactor from the dissociation at high temperature (>800ºC) of 
a silicon source gas. Common silicon sources are silane 
(SiH4), silicon dichlorosilane (SiH2Cl2) or silicon 
tetrachloride (SCl4). Nominal growth rates vary between 0.2 
and 1.5 � m/min. 
 
Oxidation 
High quality silicon dioxide (SiO2) is obtained by oxidizing 
silicon in either dry oxygen or in steam at elevated 
temperatures (850-1150ºC). 
 
Sputter Deposition 
Sputtering deposition is largely used in the MEMS industry 
and particularly in mirror fabrication for the deposition at low 
temperatures (< 150ºC) of thin film metals such as aluminum, 
chromium, gold, platinum, as well as amorphous silicon    
and insulators including glass and piezoelectric ceramics (e.g. 
PZT, ZnO). 
 
Chemical Vapor Deposition (CVD, LPCVD) 
This method works on the principle of initiating a chemical 
reaction in a vacuum chamber, resulting in the deposition of a 
reacted species on a heated substrate. CVD is a high 
temperature process with typical deposition temperatures 
above 300ºC. Common thin films deposited by CVD include 
polysilicon, silicon oxides and nitrades, titanium, tantalum 
and most recently, copper and low permitivity dielectric 
insulators. 
Chemical vapor deposition processes are categorized as 
atmospheric (or simly CVD) or low pressure (LPCVD) or 
plasma enhanced (PECVD). CPD and LPCVD operate at 
high temperatures (500-800 ºC) while PECVD operates near 
300ºC. 
Polysilicon is deposited by the pyrolyis of silane (SiH4) to 
silicon and hydrogen in a LPCVD reactor. 
 

 
Silicon dioxide (SiO2) is deposited below 500ºC by reacting 
silane and oxygen in a CVD, LPCVD or PECVD reactor. The 
optional addition of phosphine or diborane dopes the silicon 
dioxide with phosphorous or boron, respectively. Films 
doped with phosphorous are often referred to as 
phosphosilicate glass (PSG). 
 
Spin-on Methods 
Spin-on is a simple process to put down layers of dielectric 
insulators and organic materials. Unlike the methods 
described earlier, the equipment is simply a variable-speed-
spinning table. A nozzle dispenses the material as a liquid 
solution in the center of the wafer. Spinning the substrate at 
high speeds (500 to 5000 rpm) rapidly spreads the material in 
a uniform manner. 
Photoresist can be spun on a wafer with thickness between 
0.5 and 20 � m. The photoresist is subsequently exposed to 
ultraviolet radiation that causes the solvent to evaporate and 
cure the film. 
 
Lithography 
This process involves three sequential steps: 

·  Application of photoresist (or resist) which is a 
photosensitive emulsion layer. 

·  Optical exposure to print an image of the mask onto 
the resist 

·  Immersion in an aqueous developer solution to 
dissolve the exposed resist and render visible the 
latent image 

 
The mask itself consists of a patterned opaque chromium 
layer on a transparent glass substrate. The pattern layout is 
generated by a CAD software and transferred into the thin 
chromium layer at a specialized mask-making facility. 
 
Etching 
Etch processes for MEMS fabrication deviate from traditional 
etch processes for the integrated circuit industry. While it has 
many of its foundation in science, etching for 
micromachining remains to a large extent an art. The 
objective is to selectively remove material using imaged 
photoresist as a masking template. The pattern can be etched 
directly into the silicon substrate, or into a thin film which in 
turn can be used as a mask for subsequent etches. For a 
successful etch, there must be sufficient selectivity between 
the masking material and the material being etched. 
 
Etching thin films is relatively easier than etching bulk 
silicon. Table 2 provides a list of wet and dry (plasma phase) 
etchants commonly used for thin metal films and dielectric 
insulators. 
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Table 2. Wet and Dry Etchants of Thin Metal Films and Dielectric Insulator. 
 
Isotropic etchants etch uniformly in all directions, resulting in rounded cross-sectional features. In contrast, anisotropic etchants 
etch in one direction preferentially over others, resulting in trenches or cavities delineated by flat and well defined surfaces. 
Figure 23 illustrates a cross-sectional profile resulting from different types of etch methods. 
Etching using anisotropic aqueous solutions results in three-dimensional faceted structures formed by intersecting [111} planes 
with other crystallographic planes. To that end, etch computer simulation software, such as the program ACES available from 
the University of Illinois at Urbana-Champaign, are useful design tools. Figure 24 shows the fabrication of a suspended beam 
using this technique. 

 
 

Figure 23. Schematic illustration of cross-sectional trench profiles resulting from 4 types of etch methods.



Florida International University, Advanced Electronic Systems I, Spring 2003 
State-of-the-art of MEMS Technology for Design and Fabrication of Micro-Mirrors 

 

 
 

Figure 24. Illustration of the etching at convex corners and the formation of suspended beams. 
 
 
Deep reactive ion etching (DRIE) evolved from the need 
within the micromachining community for an etch process 
capable of anisotropically etching high aspect ratio trenches 
at rates substantially larger than 0.1 to 0.5 um/min, typical of 
traditional plasma and RIE etchers. 
 
One method developed by Alcatel, uses cryogenic 
temperatures to cool the wafer. Condensation of the reactant 
gases (SF6 and O2) protects the sidewalls from etching by the 
reactive fluorine atoms. However, cryogenic cooling may be 
difficult to maintain locally, and could result in undesirable 
stresses. Another approach used by Alcatel, PlasmaTherm 
and STS follow a method patented by Robert Bosch, of 
Stuttgart, Germany in which etch and deposition cycles 
alternate in an ICP-RIE system (Figure 25). The etch cycle, 
typically lasting 5 to 15 s, uses SF6 to etch silicon. In the next 
cycle, a fluorocarbon polymer (made of a chain of CF2 
molecules similar in composition to Teflon), about 10 nm 
thick, is plasma deposited using C4F8 as a source gas. In the 
following etch cycle the energetic ions (SFx+) remove the 
protective polymer at the bottom of the trench, but the thin 
film remains relatively intact along the sidewalls. 
 

 
Figure 25. Profile of a deep reactive ion etch (DRIE) trench 
using the Bosch process. 
 
 
Advanced Processes 
The following sections describe briefly more advanced 
fabrication techniques. 
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Silicon Fusion Bonding 
 
Also known as direct wafer bonding, is a process capable of 
securely joining two silicon substrates. It emerged as an 
important step in the development of silicon-on-insulator 
(SOI) technology during the 1980s for high-frequency and 
radiation-hardened CMOS applications. SOI wafers made by 
silicon fusion bonding are commercially available today from 
many vendors. The bonding can be between two bare silicon 
surfaces, or with an intermediate silicon dioxide layer (SOI-
type). The bonding mechanism is not well understood, but it 
is widely believed that occurs at the molecular level between 
silicon and oxygen atoms at the interface. A temperature 
anneal of 800ºC to 1000ºC promotes and strengthens the 
bond according to the reaction: 
 
Si-O-H … H-O-Si �  Si-O-Si + H2O 
 
A thin polysilicon film can be fusion-bonded to a silicon 
wafer or to a silicon dioxide layer if it exhibits a very smooth 
and planar surface. 
 
Electroplating and Molding 
 
Electroplating is a well established  method that was adapted 
in micromachining technology to the deposition of thin film 
metals. A variety of metals including gold, copper, nickel and 
nickel-iron (PermalloyTM) have been electroplated  on silicon 
substrates coated with a suitable thin metal plating base. 
Electroplated structures can be made to take the shape of  
mold. The simplest approach to mold preparation is to expose 
and develop a pattern in thick (10 to 100 � m) resist using 
optical lithography.  The largest aspect ratio obtained this 
way is 3. LIGA replaces optical lithography (Figure 26) with 
x-ray lithography to define very high aspect ratio features 
(>100) in very thick (up to 1000 � m).  

 
Figure 26. Illustration of mold formation using LIGA 

 
Precision reduction gears and other microstructures are 
common with LIGA, but the method is considered expensive 
because of the requirement to use collimated x-ray irradiation 
available only from synchrotrons. 
 
Polysilicon Surface Micromachining 
 
Surface micromachining builds on a stack of polysilicon thin 
films with alternating layers of sacrificial silicon oxide. A 
typical stack contains four to five layers, but may be more 
complex as shown in several examples before. 
 

 
 
Figure 27. Schematic illustration of the basic process steps in 
surface micromachining. 
 
 
Surface micromachining offers significant flexibility to 
fabricate planar structures one layer at a time, but their 
thinness limits the applications to those benefiting from 
essentially two-dimensional forms. 
 
 
SCREAM 
 
Single Crystal Reactive Etching and Metalization (SCREAM) 
was initially developed at Cornel University.  It uses yet 
another approach to release crystalline microstructures. 
Standard lithography and etching methods define trenches 
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between 10 and 50 � m in depth, which are then protected 
with a conformal layer of PECVD silicon oxide. An 
anisotropic etch step selectively removes the protective oxide 
only at the bottom of the trench (Figure 28). A subsequent 
plasma silicon etch extends the depth of the trench. 
 

 
 
Figure 28. Basic steps of the SCREAM process 
 
A dry isotropic etch step using sulfur hexafluoride (SF6) 
laterally etches the exposed sidewalls near the bottom of the 
trench, thus undercutting adjacent structures and 
mechanically releasing them. Sputter deposition of aluminum 
provides the metal for electrical contacts, interconnects and 
reflective surfaces in the case of micro-mirrors. 
 

VIII.  APPLICATIONS 
 
MEMS mirrors are mostly used for fiber optic switches and 
communications. Many designs are devoted to arrays of 
micro-mirrors to provide high-speed fiber optics switching in 
a reliable and inexpensive manner. The second area of 
application is projection and display systems. The best 
example of this technology is the Digital Micromirror Device 
– DMDTM – from Texas Instruments. Figure 29 shows the 
architecture of one pixel of a DMD array. 
 
The DMDTM consists of a two-dimensional array of optical 
switching elements (pixels) on a silicon substrate. Each pixel 
consists of a reflective mirror supported from a central post. 
This post is mounted on a lower metal platform – the yoke – 

itself suspended by thin and compliant torsional hinges from 
two stationary posts anchored directly to the substrate. 

 
 
Figure 29. Illustration of a single DMD pixel in its resting 
and actuated state. 
 
Two electrodes positioned underneath the yoke provide 
electrostatic actuation.  A 24-V bias voltage between one of 
the electrodes and the yoke tilts the mirror toward that 
electrode. The angle of tilt is limited by geometry to ±10
 
(Figure 30). The restoring torque of the hinges returns the 
micromirror to its initial state once the applied voltage is 
removed. 
 
 

 
Figure 30. Illustration of optical beam-steering using the 
switching of micromirrors. 
 
Each micromirror is 16 � m square and is made of aluminum 
for high reflectivity. The pixels are arranged in rwo 
dimensions on a pitch of 17 � m to form displays, with 
standard resolutions from 800x600 (SVGA) up to1280x1024 
pixels (SXGA). 
 
While the operation of each mirror is “only digital”, in other 
words, the pixel is either bright or dark, the system is capable 
of achieving grade shades by adjusting the dwell time of each 
pixel – the duration is bright or dark. The mechanical 
switching time, including settling time, is approximately 16 
� s,, much faster than the response time of the human eye. 
 
IX.  CONCLUSIONS 

 
This paper summarized the state-of-the-art of MEMS 
micromirrors. Current technologies, trends, issues and 
fabrication processes were described.  
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The field of MEMS has grown so big in the area of mirrors 
and, in general in optics, that a new acronym, MOEMS 
(Micro Opto Electro Mechanical Systems) is now in use. 
 
The area of applications is growing rapidly. Current research 
is on how to lower actuation voltages to easily integrate 
MOEMS with CMOS control circuits. Applications in the 
area of biomedical engineering is just emerging, being laser 
surgery one of the most prominent fields for development of 
this new technology. 
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