
 



 



 

 

 

 

MEMS based Optical Cross Connects for 

Fiber Optical Communication 
 

 

 

 

 

 

 

Dissertation 

 

submitted to the Faculty of Science of the University of 

Neuchatel, in fulfilment of the requirements for the degree of 

Doctor of Science 

 

 

 

 

 

by 

 

 

 

 

Michael Zickar 

 

Institute of Microtechnology 

University of Neuchatel 

Switzerland 

 

2006 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 



 

 

 

Abstract 
 

 
MEMS based optical cross connects experience a growing market demand. 

They are used in optical fiber networks as well as optical measurement 

systems where they add functionality or increase the performance of the 

systems. 2x2 MEMS optical cross connects proved excellent performance 

and large optical cross connects with over 100 input and output channels are 

used to route the worldwide data traffic. However, large optical cross 

connects have a high cost. Medium sized optical cross connects having four 

to sixteen input and output ports and moderate price clearly cover an industry 

need. Therefore, the subject of this thesis is the development of a matrix type 

optical cross connect with four or eight input and output ports. The pitch of 

the individual mirrors was set to 250 µm to enable a simplified assembly to 

fiber ribbons. A novel two-sided etching process of 110 µm thin silicon 

wafers enabled to fabricate silicon structures with a high accuracy on both 

sides of the wafer. The optical mirrors are situated vertically on very compact 

actuators with a footprint of 250 x 250 µm
2
. The actuators consist of a fixed 

electrode and a counterelectrode suspended by torsion beams with a diameter 

of 0.8 µm. The simulation, fabrication and characterisation of 

microfabricated Graded Index lenses are presented. Theses lenses are needed 

to collimate the light exiting from the single-mode fibers, which is necessary 

to reduce losses originating from diffraction. The lenses are fabricated from a 

selected multi-mode fiber with a parabolic refractive index distribution in the 

fiber core. Since the diameter of the lenses equals the diameter of the signal 

carrying fibers they can be passively aligned in U-grooves that are etched 

into the silicon chip. The lenses yielded optical losses of less than 2 dB for a 

coupling length of 2 mm. The measurements of complete optical cross 

connects yielded encouraging results. The maximal operating frequency was 

measured to be larger than 200 Hz and the optical losses of some channels 

were close to the losses caused by the lenses, which means that the quality of 

the mirrors is good. However, some mirrors yielded losses that exceeded 

largely the targeted 3 dB. The reason was found to be the fragility of the 

silicon chip causing alignment problems after the assembly. A modification 

of the fabrication process allowing to fabricate more rigid mirror matrices is 

suggested.  
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1  Introduction 
 

 

1.1 The History of Communication 

 

     Communication is the most important interaction between human beings. 

We talk to interact with other people and to express what we think.  

Physically, talking is the emission of sound. The voice is transferred by the 

air through little pressure variations from the emitter to the receptor.  The 

receptor is decoding the pressure variations into information. However, this 

kind of communication is restricted to a short distance between emitter and 

receptor. The desire to share information over long distances made people 

think about new technologies to transmit information. Already in the 

antiquity people used mirrors, fire or smoke signals to convey information 

over a long distance
1
. A first communication network based on this idea was 

suggested by Claude Chappe and realised between Paris and Lille in 1794; 

two cities about 200 km away
2
. The coded messages were transmitted using 

several intermediate relay stations. The drawback of this system was its low 

data rate and the dependency on the weather condition.  

     In 1832 F. B. Morse learned of Ampere's idea for electric 

communication. For the first time the coded information was guided through 

a communication channel, where the direction could be defined by the user. 
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The use of intermediate relay stations allowed communication over long 

distances and in 1866 the first Telegraph cable was crossing the Atlantic 

Ocean. 

     The success of the Telegraph was suddenly slowed down by the invention 

of the Telephone in 1876
3
. The invention by Alexander Graham Bell enabled 

not only the transmission of a simple content of information from an emitter 

to a receiver but the voice that was transmitted through the electrical cable 

could also express feelings and emotions. As a result, worldwide telephone 

networks were created during the 20
th

 century. The use of the first coaxial 

cable in 1940 had the capability of transmitting 300 voice channels. The most 

advanced coax-cable was put into service in 1975 and was operated at 

274 Mb/s. However, these high-speed coax-systems needed a repeater 

spacing of about 1 km, which was limiting further success.  

     Meanwhile, several researchers found that an optically dense medium 

could act as a light guide. Glass rods were used for transmission of light over 

short distances. However, the high losses and the lack of a coherent light 

source made glass unsuitable for optical communication. In 1960, Theodore 

Maiman invented the ruby laser and solved one part of the problem. Charles 

Kao and George Hockham postulated that the light loss in optical systems 

could be dramatically reduced by using amplifiers at intervals to amplify the 

signals
4
. Following on that postulation, research laboratories around the 

world tried to purify the optical materials in order to reduce fiber loss. In 

1970, Robert Maurer, Donald Keck and Peter Schultz at Corning Inc. 

announced that they had made single-mode fibers with attenuation below 

20 dB/km. The invention of the Erbium doped fiber amplifier in 1985 

allowed the amplification of an optical signal without the need of electronical 

amplifiers. It was just a matter of time before the first transatlantic fiber cable 

was laid into the ocean in 1988.  

     Todays optical fibers carry up to 160 (and more) individual channels 

simultaneously resulting in data rates of several Tbit/s. To compare this value 

with the data capacity of a coax-cable one Tbit/s corresponds to the capability 

of transmitting about 15 million telephone lines in parallel. In the future, the 

perpetually growing internet traffic and the increasing demand of digital 

information as digital television and online multimedia applications will 

sustain the need for even faster communication lines. 
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1.2 General Description of Optical Networks 

 

     The concept of an optical network does not differ from any other 

communication network. A signal is modulated by the emitter and transferred 

through the communication channel to a receiver, where the signal is 

amplified, detected and demodulated. In the case of an optical network light 

is used as the signal carrying medium. A schematic of a simple optical 

network is given in figure 1.1. The light source is a laser or a light emitting 

diode (LED) that can be modulated electrically with high modulation 

frequencies
5
. This signal is injected into an optical fiber which guides the 

light at very high speed and low loss over long distances. On the receiver side 

the light is detected by a sensor and converted into an electrical signal again. 

After amplification, this signal is demodulated and can now be processed by 

electronic circuits. 

 

     Of course, one could use a copper wire instead of an optical fiber to 

transmit information without the use of optical transducers. However, optical 

communication has major advantages over electrical communication:  

 

• The strongest argument for optical fibers is their information capacity. 

Where electrical coaxial cables have a transmission rate of 150 Mbps 

(million bits per second) corresponding to about 2000 digital telephone 

lines an optical fiber offers a transmission rate of 100 Gbps or more per 

Modulator

Demodulator

Electric ElectricOptic

Optical fiberLight source Light detector
Amplifier

Connectors

ReceiverTransmitter

 
 

Figure 1.1: Schematic of a simple optical network. A light signal is 

electrically modulated and transmitted through an optical fiber. The 

receiver converts the optical signal into an electrical signal, amplifies and 

demodulates it. 
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transmission channel. Using a technology called dense wavelength 

division multiplexing (DWDM), 128 channels or more can be transferred 

using only one fiber resulting in a theoretical transmission rate of 

12.8 Tbps. The theoretical limit of an optical fiber is 100Tbps. Long 

distance optical transmission lines (e.g. transatlantic optical cable TAT-

14
6
) are operated at 10 Gbps carrying 16 channels in parallel resulting in a 

transmission rate of 160 Gbps or 2.5 million telephone lines in parallel.  

• The distance between the signal repeaters, which amplify the attenuated 

signal, is typically 40 kilometers and considerably longer than the 

12 kilometers needed for electrical communication. With the invention of 

the Erbium doped fiber amplifier (EDFA) light signals can be amplified 

optically without the need of conversion to electrical signals.  

• The cost for a fiber cable is significantly lower than the price for a copper 

cable with the same transmission capacity. 

• Other advantages including the elimination of a common electrical 

ground potential, better security, the insensitivity to magnetic fields, the 

small size and the light weight additionally favour the use of optical 

fibers.  

 

     As already mentioned, today’s optical networks carry more than one light 

channel per fiber. The WDM (wavelength division multiplexing) technique 

enables the transmission of multiple wavelengths in one fiber without any 

interaction. The data rate of the fiber is multiplied by the number of 

wavelengths injected in the fiber. The so called C-band (Conventional band) 

situated at a wavelength range of 1520 to 1570 nm can be split in 64 or even 

128 individual channels
7
. To couple multiple wavelengths simultaneously 

 

Transmitters Receivers

Multiplexer Demultiplexer

Optical fiber

 
 

Figure 1.2: Schematic of an optical network using WDM technique. Four 

light channels with slightly different wavelengths are coupled into the same 

optical fiber and transmitted without interaction.   
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into and out of the same fiber, two additional optical elements called 

multiplexer and demultiplexer have to be integrated (see figure 1.2).   

 

 

 

 

1.3 MEMS in Optical Networks 

 

     The first optical networks used electro-optical transducers and analog 

electronics to process the signals electrically before regenerating an optical 

signal with a light source and reinjecting the signal into another optical fiber. 

These networks are called optical-electrical-optical (OEO) networks. The 

advantages of optical signal processing towards electronic processing, 

pointed out in the previous chapter, raised a big interest in all optical 

networks (OOO networks). The small dimension of light exiting a telecom 

fiber requires very small and precise equipment that needs to be perfectly 

aligned to the fiber. Optical micro electro-mechanical systems (OMEMS) 

fulfil these requirements. A big research activity in the MEMS field was 

launched in the late 80’s and is still going on. Since then, many OMEMS 

found their place in optical networks and replaced conventional micro-optical 

elements or enabled new functionality to the networks. Some examples are 

briefly presented hereafter.  

 

 

• Tunable filters: 

Optical filters can be used as multiplexers. The desired wavelength of the 

superimposed WDM signal passes the optical element whereas the other 

wavelengths are reflected. By cascading such filters, the different 

wavelengths can be separated (demultiplexed). The requirements for 

WDM multiplexers are high wavelength selectivity in the order of 1 nm, 

low insertion loss and low temperature dependency. Whereas thin film 

filters can be fabricated with sophisticated deposition processes, tunable 

MEMS devices are under large development
8,9,10,11,12

.  

Due to the relatively high insertion loss per filter stage this method is only 

suitable for a small number of channels.    

 

• Tunable gratings: 

As in the case of optical filters, the functionality of gratings is enhanced 

by adding a tuning mechanism
13

 to be used as an optical filter. 
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• Variable attenuators: 

It does not seem logical to add an attenuating element into an optical 

network. However, one has to understand that the amplification of the 

WDM signals is carried out with special optical fibers called Erbium 

doped fiber amplifiers (EDFA). Their amplification factor is not the same 

for all the wavelengths in the WDM bandwidth. The function of a 

variable attenuator is to equalize the signals to a common intensity level 

before being injected into the transmission fiber. The quality of an 

attenuator is measured by its attenuation range, its resolution and the 

insertion loss. MEMS attenuators can be divided into two groups: Shutter 

type and reflective attenuators. Shutter type attenuators are operated in 

transmission and use a light blocking element (shutter) that blocks a part 

of the light beam
14,15

. A very precise positioning of the shutter yields the 

required high resolution. Dynamic attenuation ranges up to 60dB were 

reported.  

Reflective attenuators use movable mirrors to steer the incoming light 

beam. If the mirror is actuated the light beam is reflected in a way that 

only a part of the light is coupled into the outgoing fiber. Analog
16

 as well 

as digital designs
17

 were reported. 

 

• Optical cross connects: 

To send a packet of information to a desired destination it has to take the 

right path. In all optical networks the switching is accomplished by small 

mirrors that route the light beam from an input to any output fiber. Many 

designs for MEMS optical switches have been proposed. They can be 

categorized in two-dimensional (2D) and three-dimensional (3D) 

switches. 2D architectures have been successfully fabricated and proved 

to have excellent reliability, which allowed commercialization
18,19

. 

 

 

1.4 Microlenses 

 

     The small nature of light beams, which are guided in Telecom single 

mode fibers, make relevant several optical effects that are negligible in the 

macro-world. Due to high divergence angles of small optical beams the 

optical losses increase drastically if the light beam has to travel over a long 

distance. Microlenses enable the beam waist to be broadened and increase the 

coupling length between two waveguides.  
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     The compatibility of an optical element to a MEMS device is defined by 

its dimensions and the accuracy with which it can be aligned to the 

microchip. Optical fibers are widely used to guide light to a very well defined 

place on an OMEMS. They can be aligned to the optical element using U- or 

V-grooves etched into the MEMS device. In an ideal case the grooves are 

etched during the same step as the optical element itself, which enables a 

passive alignment of the optical components with very high accuracy
20,21

. 

The light beam emerging from a typical single mode fiber (SMF) has a mode 

field diameter of about 10 µm
22

. The high diffraction angle of this beam 

allows free space propagation over only several tens of micrometers where 

the light can be processed before being coupled into another waveguide. This 

is only suitable for very thin optical components as vertical optical mirrors, 

optical attenuators or thin film filters
23

. For longer free space propagation the 

beam waist has to be broadened using collimating lenses.  

     Different fiber-lens systems have been proposed. The shape of a classical 

refractive lens is ideally a radial hyperbolic function resulting in different 

optical path lengths along its radius due to the varying thickness of the 

material. These lenses can be fabricated by reflowing patterned photo-resist 

shapes on a transparent substrate.  The lens shape of the photo-resist can be 

transferred into the substrate using dry etching techniques, usually into 

silicon or glass
24

. Printing technologies have been reported using microjets to 

control the amount of dispensed liquid thus controlling the shape of the 

lens
25

.   

     Another technique to create an optical path difference along a lens is 

changing its refractive index in radial direction. Planar lenses can be 

fabricated by ion exchange technique in glass where a radial refractive index 

variation is achieved by molecular diffusion
26,27

.  

     An inconvenience for all planar lenses is the difficult assembly to optical 

fibers or microchips. Due to their planar nature it is difficult to integrate 

passive alignment structures. Particularly angular misalignments are very 

likely.  

     Ball lenses are transparent balls assembled to a chip. Ball lensed fibers are 

fabricated by heating the tip of an optical fiber. The surface tension of melted 

glass forms a ball lens directly attached to the fiber
28

.  

     Cylindrical micro-lenses consist of a rod of transparent material with a 

graded refractive index (GRIN) profile in radial direction. The length of these 

rods defines the focal distance of the lens. Optical multi-mode fibers (MMF) 

with GRIN core are commercial products. If such a GRIN fiber is fusion 

spliced to a single mode fiber (SMF), cut and polished to a desired length the 

result is a lensed fiber
29

. This method leaves a little bead at the splicing area.  

     Diffractive microlenses with a lens diameter of 125 µm were reported
30

.  
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     In conclusion, all these lenses suffer from their non-uniform lateral 

dimension, which makes it difficult to align them to optical fibers. 

Additionally, their fabrication is complicated, needs a clean-room 

environment or they can not be fabricated in parallel causing a high 

production cost per piece.  

     Ideally, a microlens that is assembled onto a microchip has the same shape 

as the light carrying optical fiber. Under this condition the lens and the 

optical fiber can be placed in the same U- or V-groove and are passively 

aligned. 

 

 

1.5 Motivation and Outline of the Thesis 

 

     As explained in section 1.2, in an optical network optical signals need to 

be switched (or routed) from a transmitter to the desired receiver. An all 

optical method of optical switching can be achieved by precisely operating an 

optical mirror and reflecting the light beam escaping the incoming optical 

fiber into the desired outgoing fiber.  

     MEMS optical switches can be categorized in two-dimensional (2D) and 

three-dimensional (3D) switches. As mentioned earlier, 2D architectures have 

been successfully fabricated and proved excellent reliability. The advantage 

of these designs is that the mirrors are either made by silicon bulk 

micromachining or poly-silicon surface micromachining where the mirrors 

do not have to be assembled to the actuators. Surface micromachining needs 

hinged micro-mirrors made of poly-silicon. These mirrors are flipped-up 

planar mirrors, where multiple mask fabrication is required. The mounting of 

the mirrors needs sophisticated and complicated processes, often even 

manual help. Bulk micromachined, KOH etched
31

 vertical mirrors, which are 

moved in and out of the optical path are easier to control. Because the mirror 

remains within the switching/reflecting plane, a small change in actuation 

does not result in a large change of optical coupling. However, these 

relatively large mirrors are difficult to fabricate and yield long optical 

coupling distances. The mirrors are fabricated on cantilevers, which is space 

consuming. Horizontal mirrors
32,33

 need to have mechanical stoppers to align 

them vertically, which need to be perfectly perpendicular to the light beam 

plane. Mechanical contact of microstructures can provoke sticking and 

breaking of the fragile mirror.  

     Mounting mirrors on actuators is a difficult task since the alignment needs 

to be in the range of a micrometer. SU-8 mirrors on silicon actuators have 

been reported
34

 but the long term adhesion of the two parts have yet to be 
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proven. One way to overcome the free space propagation of light is the use of 

waveguides
35,36

. The light beam is confined in a medium with a high 

refractive index and only propagates in free space for a very short path length 

around the mirror to keep diffraction losses small.  

     3D switches offer a high number of input and output ports. They consist of 

a matrix of planar 2D mirrors that can be tilted independently to redirect an 

incoming beam to any other mirror on either another
37,38,39

 or the same
40

 

mirror matrix. The latter enables any port to be configured as input or output. 

Two or more mirrors can redirect a beam into one output, in order to add 

light channels to an optical fiber. However, these mirrors need a closed loop 

control, calibration, a precise housing to align the chips and the collimators. 

Additionally, the large optical paths require large optical beams thus large 

mirrors.  

     The principle for a 2x2 2D optical cross connect (OXC) is shown in 

figure 1.3. A microfabricated vertical mirror is driven by an electrostatic 

comb drive actuator. Such an optical MEMS switch was realised at IMT in 

1998 and commercialised by Sercalo inc. (figure 1.4)
41

.  

     The need for larger port count optical cross connects was the initiator for 

this project. The aim was to fabricate a compact 4x4 and 8x8 2D matrix OXC 

having the same pitch as the neighbouring fibers in commercially available 

fiber ribbons. This allows an economic assembly of the fiber ribbons to the 

chip but limits the space for the used actuator to 250 x 250 µm
2
.   Since the 

size of electrostatic comb  drive actuators  exceeds  this  

Cross state Bar state

Actuator Mirror

Input fiber 1

Output fiber 1

Output fiber 2

Input fiber 2

 
 

Figure 1.3: Principle of a 2x2 optical cross connect. A vertical mirror is 

positioned with an electrostatic comb-drive actuator. Depending on the 

mirror position a light beam can be redirected into the desired output fiber.  
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Figure 1.4: SEM image of a 2x2 optical cross connect commercialised by 

Sercalo Inc.  

 

2
5
0

 µ
m

GRIN 
lenses

Input 
fiber 

ribbon

Output fiber 

ribbon
 

 
Figure 1.5: Conceptual drawing of a 4x4 matrix OXC: The device consists 

of a mirror matrix with a pitch of 250 µm, assembled fiber ribbons and 

GRIN lenses.  
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dimensions a novel out-of-plane actuator with 1 µm diameter torsion beams, 

on which a vertical mirror was monolithically etched, was developed and 

characterized. Novel micro-GRIN lenses were simulated, fabricated, 

characterized and found to be suitable to collimate the light on the 4x4 and 

8x8 OXC. A conceptual drawing of the design is shown in figure 1.5. 

     The outline of the thesis is as follows: The theory part presents an 

overview about mechanical and optical simulation techniques, which will be 

used to model and design the MEMS chip and micro-optical components. An 

electro-mechanical simulation strategy for the calculation of large out-of-

plane movements of electrostatic actuators is presented and verified. The 

actual dimensioning and tolerancing is presented in the concept chapter. 

Chapter 4 shows the technological realisation of the MEMS actuator, the 

electrode chip and the micro GRIN lenses. A big part of this chapter presents 

the assembly of the chip and the driving electronics, which supplies a voltage 

of about 400 V to the 64 actuators. The measurements of the 

electromechanical performance of the MEMS part, the optical coupling 

losses of the lenses and the performance of the assembled OXC are shown 

and discussed in the chapter 5. Finally, the conclusion is drawn in chapter 6.  
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2  Theory 
 

2.1 MEMS Actuators 

 

     The functionality of many MEMS is driven by its micromachined 

actuators. Different actuation concepts have been reported. Among those are 

Piezo-electric
1
, thermal, magnetic

2
 and electrostatic actuators. Electrostatic 

actuators have some considerable advantages. The most important are their 

small dimensions. If a voltage is applied between two electrically isolated 

parts then electrostatic forces in the micro-Newton range are generated and 

act on the parts. An advantage of silicon actuators is that they are not 

sensitive to magnetic fields.  

     Parallel plate actuators are simple to fabricate but their usable stroke is 

limited to one third of the initial displacement by the so called “pull-in” 

effect
3
. An enhanced design is the comb-drive actuator where a movable 

comb electrode is attracted towards a fixed comb electrode (see figures 1.3 

and 1.4). The stroke is then defined by the length of the comb-fingers and the 

lateral stability of the movable structure. Strokes over 100 µm have been 

demonstrated
4
. Actuators based on repulsive electrostatic force have been 

recently reported
5,6

.  

     The dimensioning of electrostatic actuators is calculated by analytical 

calculations of electrostatic and mechanical force or by using the Finite 

Element Method (FEM). Both methods are very well suited for actuators that 
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move only in one linear direction or for small displacements. For large out-

of-plane movements, FEM algorithms have a tendency to fail. Therefore, a 

simulation concept for large deflection tilting platforms, which combines 

electrostatic FEM simulation and analytical calculation of the mechanical 

springs, is presented hereafter. Since the electro-mechanical characteristic of 

the actuator is calculated by means of the electrostatic energy this method 

will be referred as the “energy method”.  

 

 

2.1.1 Combined FEM and Mechanical Simulation Method for Large 

Deflection Actuators (Energy Method) 

 

     The results of coupled FEM simulations for large mechanical deflection 

electrostatic actuators are often unsatisfying. Additionally, the simulation 

time increases drastically with the complexity of the structure and the number 

of mesh nodes.  

     The energy method, presented hereafter, is very fast and showed 

surprisingly accurate results. However, it can only be used if the approximate 

mechanical behaviour of the actuator is known. The principle will be 

explained and verified using the simple example of a parallel plate actuator, 

shown in figure 2.1. The bottom plate is fixed and the top plate is held in 

vertical position by springs with spring constant k.  The first step is to 

perform an electrostatic FEM simulation for several positions the device is 

thought to move to. For these positions the electrostatic energy of the whole 

system is calculated. This task can be very easily implemented in ANSYS 

and is not sensitive to variations of the mesh model. In our case, we 

simulated the capacity for several plate separations. The electrostatic energy 

is related to the capacity of the system by 
 

21
( , ) ( )

2
ESE d V C d V= .   (2.1)  

 

The mechanical potential energy of the spring is given by 
 

    
21

( )
2

MecE d kd= .   (2.2) 

 

Our movable plate will stabilize in the position where the electrostatic force 

equals the counterforce generated by the spring. The corresponding forces 

can be calculated by the derivates of the energies:  
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This means that the plate is in a stable position if the variations of the 

mechanical and electrostatic energies are equal. For the case of the 

electrostatic energy the variation is caused by the increase of the capacity.  

     The mechanical force only depends on d whereas the electrostatic force 

depends on d and the applied voltage. From equations 2.1 and 2.3 it can be 

seen that the electrostatic force increases with V
2
. Therefore, if the energy-

displacement curve is known for one voltage it can be calculated for any 

other voltage.  

     To find the relation d(V) we have to find the points where the difference 

between electrostatic and mechanical force equals zero.  
 

             ( , ) ( ) 0
ES Mec

F d V F d− =    (2.5)  
 

This can be solved graphically by plotting the difference between 

electrostatic and mechanical energy in function of d and V (Figure 2.2). The 

intersection with the d-V plane gives the relation between displacement and 

actuation voltage.   

     The big advantage of this method is that the FEM simulation of the 

electrostatic energy of a volume containing different electrodes is much 

simpler than the simulation of the forces that act between the charged 

electrodes. 

k

V d(V)

 
 

Figure 2.1: Parallel plate actuator suspended by a linear spring having a 

spring constant k. If a voltage is applied between the two conductors the 

upper, mobile plate moves towards the fixed lower plate.   
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Figure 2.3: The comparison between the forces calculated by the energy 

method and the analytical calculation for a parallel plate capacitor. The 

energy method yields slightly higher values, which is due to the edge effects 

that are not taken into account in the analytical calculation. 
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Figure 2.2: Difference between electrostatic and mechanical force for an 

electromechanical system: The intersection with the d-V plane gives the 

relation between displacement and actuation voltage.   
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The analytical equation solving the parallel plate capacity problem is 

     
2

0

22
ES

V
F A

d

ε
=    (2.6) 

 

where A is the area of the movable electrode. To validate the energy method 

the comparison of the analytical calculation and the coupled simulation is 

shown in figure 2.3. The simulated force is slightly higher than the force 

obtained by the analytical calculation. This is due to the fringing fields on the 

edges of the capacitor that are only taken into account for the simulated 

(using equations 2.1 and 2.3) model (figure 2.4). The analytical model 

neglects edge effects.   

 

 

 

 

 

 

 

 

 
 

Figure 2.4: FEM model (ANSYS) used to calculate the electrostatic energy 

of the actuator. The upper platform is visible in the middle of the image, the 

fixed platform is on the bottom. Plotted is the electric field.   
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2.2 Optics 

 

     This chapter describes the optical elements that will be used in the OXC. 

The optical beam that is guided in an optical fiber used for communication 

networks can be approximated by a Gaussian profile. A simple mathematical 

model, called the ABCD method, is shortly introduced. This method allows 

us to calculate the evolution of Gaussian beam waists and radii of curvature 

for the paraxial case.   

 

2.2.1 Optical Fibers 

 

     Optical fibers can be divided into two classes: Step index fibers consist of 

a fiber core and a surrounding cladding. The refractive index of the core is 

slightly higher. Paraxial light rays in the core are totally reflected at the 

boundary keeping the light confined in the core (figure 2.5 a)). The second 

class is graded index fibers, which have a core with a parabolic distribution 

of the refractive index (figure 2.5 b)). It can be expressed by 
  

2 2 2
0( ) (1- )n r n rα=

                                          (2.7) 

where n0 is the refractive index in the centre of the fiber, r is the distance 

from the centre and α is the parabolic constant. The trajectory of a paraxial 

ray entering a GRIN core is a sinusoidal oscillation with a pitch of 2π/α .  

     If the GRIN material is cut at a certain length d it can act as a lens with 

desired focal distance. For an incoming plane wave the GRIN lens has a focal 

length of  
 θ
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Figure 2.5: Trajectory of a ray and refractive index distribution of a step-

index fiber a) and a GRIN fiber with parabolic index distribution b). 
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sin( )
f

n dα α
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⋅
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2.2.2 Micro-GRIN Lenses as Optical Collimators 

 

     The furthermost usage of micro-lenses on a chip is light collimation. In 

order to have larger free space coupling lengths the incoming beam waist has 

to be broadened. A broader beam waist has a smaller divergence angle, 
θ

0 (
θ

0 

= λ /πω0) therefore, a double diameter yields a four times higher coupling 

length having the same losses
7
. A schematic of the investigated arrangement 

is shown in figure 2.6. A light beam emerging from the SMF1 is collimated 

by GRIN lens 1, travels through the free space region and is refocused by 

GRIN lens 2 into the outgoing SMF 2.  

 

2.2.3 Gaussian Beams and Beam Propagation 

 
     Gaussian beams are a paraxial solution to the wave equation

9
. The 

complex envelope of the Gaussian beam is given by 
 

     
2 2

1( ) exp( )
( ) 2 ( )

A x y
A r ik

q z q z

+
= −    (2.9)    

 

where A1 is a constant z is the beam propagation axis, x and y are the plane 

perpendicular to the propagation axis and q(z) = z + iz0. q(z) is called the 

complex curvature parameter. The complex amplitude E has the form  

 

Beam waistGRIN lens 1 GRIN lens 2 SMF 2  

 

Figure 2.6: Schematic of the collimating setup. A light beam emerges from 

the SMF and is collimated by GRIN lens 1. GRIN lens 2 refocuses the beam 

into the other SMF. 
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with  

                                             
2
0

0 0
2

k
q i iz

ω
= − = −                                     (2.11) 

 

where z0 is known as the Rayleigh Range and  
 

                                                 0( )q z q z= + .                                         (2.12) 
 

     The real and imaginary part (amplitude and phase) of the complex 

curvature parameter can be separated by writing 1/q(z) = 1/(z  + jz0) and by 

defining two new real constants R(z) and ω(z). The fundamental-mode 

Gaussian beam can now be described with the q parameter where its 

Gaussian beam spot size is represented by ω(z) and its radius of curvature is 

given by R(z).  
 

    
2

1 1

( ) ( ) ( )
j

i
q z R z n z

λ

π ω
= − .                             (2.13) 

 

nj is the refractive index of the medium in which the Gauss beam is 

propagating. The shape and the important parameters of a Gauss beam are 

shown in figure 2.7. 

     The parabolic constant can be expressed by 
 

        
0 core

NA

n r
α ≈                                             (2.14) 
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Figure 2.7: Characteristics and important parameters of a Gauss beam. 
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where NA  is the numerical aperture of the lens and 
core

r  is the radius of the 

GRIN lens core.  

 

 

 

2.2.4 ABCD law 

 

     A convenient way for calculating paraxial rays in an optical system is the 

ABCD matrix method
8
. The basic principle of this approach is to split the 

system in a number of regions with a known ABCD matrix. For each region 

the coordinates x (radial position of the ray) and u (normalized slope) of the 

output can be related to the coordinates of the input by means of a matrix 

characterizing the system:  
 

   
out in

out in

x xA B

u uC D

   
   
   
      
   

 
=  
 

.                                  (2.15) 

 

Such a transfer matrix is called the ABCD matrix. For the given problem a 

number of different matrices are used.  

For a homogeneous medium the matrix is defined as  
 

    
1

0 1

A B d

C D

   
=   

   
                                      (2.16) 

 

where d is the geometrical length along the z-axis. For a discontinuity 

between two plane dielectrics  
 

    
1

2

1 0

0

A B
n

C D
n

 
   

=   
   

 

                                    (2.17) 

 

where
1

n is the refractive index of the input medium and
2

n is the refractive 

index of the output medium. Finally, a GRIN lens can be represented by  
 

1
cos( ) sin( )

sin( ) cos( )

A B Z Z

C D
Z Z

α α
α

α α α

 
   =      − 

                      (2.18) 

 

where Z is the length of the GRIN lens. By multiplying the transfer matrices 

we can obtain the description of the whole system.  
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The complex curvature parameter q is altered by the optical system as  
 

   1

j

j

j

Aq B
q

Cq D
+

+
=

+
                                      (2.19) 

 

where j is the index for the corresponding medium. Because the q parameter 

identifies the width ω and curvature R of a Gaussian beam, this simple law 

allows us to calculate the effect of an arbitrary paraxial system on the 

Gaussian beam.  

 

3.1.2 Beam Clipping  

 

    The definition of the beam waist for Gauss beams is given by the radial 

position where the intensity of the Gauss beam drops to the value of 1/e
2 

of 

the intensity in the spot centre. Theoretically, the intensity of a Gauss beam 

extends to an infinite plane perpendicular to the propagation direction. The 

intensity inside the 1/e
2
 circle comprises only 91% (-0.41 dB) of the whole 

intensity (figure 2.8). The consequence for our mirrors is that even if its 

dimension is bigger than the actual beam waist a small amount of light will 

 

 
Figure 2.8: Gaussian beam profile: Theoretically, a Gauss beam has an 

infinite extension perpendicular to its propagation axis. The beam waist 

diameter calculated by the Gaussian beam propagation theory is taken at the 

radial extension where the intensity of the beam drops to the factor of 1/e
2
 of 

the intensity in the beam centre.  
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not be reflected, which will result in a contribution to the coupling loss. This 

effect is called beam clipping. If we take a round mirror with the same 

diameter as the reflected beam waist ω only 91% of the intensity will be 

reflected. In the worse case the mirror is smaller than the actual beam size 

causing a higher contribution to the coupling loss. 

 

 

2.2.6 Coupling Efficiency 

 

     The coupling efficiency η is calculated by the so-called “overlap integral” 

as   
 

2

*

* *

( , ) ( , )
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=

∫ ∫

∫ ∫ ∫ ∫
        (2.20) 

 

where η is a fraction of energy from the incident beam that couples into the 

output fiber. Ei(x,y) is the complex amplitude of the fiber mode to be coupled 

and Ef(x,y) is the complex amplitude of the receiver fiber mode. The 

mathematical description of the beam clipping becomes visible in the non-

infinite boundaries of the integral in the nominator of equation 2.20. 

 

 

2.2.7 Gaussian Beam Decomposition 

 

     Gaussian beams maintain their shape as they propagate through an optical 

system. This characteristic makes them suitable to decompose an arbitrary 

optical field distribution into smaller Gauslets
9
. The amplitude and phase of 

the individual Gauslets can be propagated through an optical system using a 

ray-tracing approach. The coherent summation of the Gauslets gives the 

irradiance distribution at any point of the system including interference 

effects.  
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2.3 Hydro-fluoric Acid Vapour Phase Etching (HF VPE) 

 

     HF is a commonly used chemical in microfabrication. It has an ability to 

etch SiO2 (silica) and certain metals at relatively high rates and has an 

excellent selectivity between silicon and SiO2
10

.  At room temperature HF is 

present in gaseous form. It is very soluble in water, which is the reason why it 

is most often present in an aqueous solution at different concentrations.  

     MEMS structures are often fabricated on silicon on insulator (SOI) 

wafers. They can be described as a sandwich structure of a thick silicon 

handle layer, a thin, intermediate SiO2 layer and the silicon device layer with 

desired thickness.  The MEMS devices are transferred from a mask into the 

device layer by means of a photolithographic step followed by an etching 

step (figure 2.9). The etching method is chosen so that the etching stops (or is 

considerably slowed down) at the buried SiO2 layer. Some structures can be 

suspended by thin beams and anchored to larger area structures. By 

underetching the buried SiO2 in HF acid the thinner structures can be released 

from the handle wafer.  

     The etching of SiO2 in liquid carries a problem known as the sticking 

effect (figure 2.10). Sticking is often an irreversible and destructive 

phenomenon that occurs whenever liquids evaporate. The surface tension 

pulls movable structures down to the substrate or other fixed structures until 

they are in contact. When SiO2 is etched in aqueous HF, rinsing in deionized 

water must follow to remove the contaminants. Unfortunately, water has a 

very high surface tension. 

     The use of a hydrofluoric acid vapour enables the removal of silicon 

dioxide in a vaporous environment rather than in an aqueous solution
11,12,13,14

. 

This is of particular interest since the wafer to be etched is never in direct 

contact with a liquid and sticking can be avoided. Additionally, extremely 

fragile structures can be released that would otherwise be destroyed by the 

surface tension of the liquid.  

 
PR 

Si 
SiO2

Si
 

 

Figure 2.9: Fabrication of MEMS on Silicon on Insulator (SOI) wafers: The 

desired structures are patterned in photoresist (PR) using a photolitho-

graphic process and transferred into the silicon. Finally, the movable parts 

are liberated by underetching the buried SiO2 layer. 
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     The chemical reaction between HF and SiO2 was first published by 

Offenberg et al.
15

. It is a two step reaction where first the SiO2 surface is 

opened by formation of silanol groups by adsorbed H2O. Subsequently 

silanol groups are attacked by the HF: 

 

SiO2 + 2H2O → Si(OH)4 
 

Si(OH)4 + 4HF → SiF4 + 4H2O 

 

The above formula shows that water acts as initiator of the etching process as 

well as reactant. This fact suggests that the etch rate can be temperature 

controlled by maintaining the equilibrium of the amount of H2O needed to 

initiate the process and the amount of reactant H2O.  

 

 

 

 

 

 
 

Figure. 2.10: Left: A comb drive, freed in liquid HF acid, is sticking to the 

fixed structures due to the surface tension of the liquid. Right: Structure 

released with HF vapour. The sticking can be avoided.   
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3  Concept 
 

 

     Sercalo’s 2x2 optical cross connects are based on deep reactive ion 

etching (DRIE) of silicon-on-insulator (SOI) wafers
1
. A vertical mirror is 

actuated using an electrostatic comb-drive structure. Four optical fibers have 

to be assembled to the chip. The X-shaped arrangement allows the fibers to 

be brought very close together, which means that the optical path length that 

the light has to travel before being reinjected into the outgoing fiber is in the 

order of 100 µm. Therefore, the losses due to beam divergence are only in the 

order of 0.5 dB
2
.  

     Larger port count optical switches can be created in two ways. First, they 

can be produced by cascading 2x2 elements. At every stage that is added, the 

coupling losses of the individual stages are added, which decreases the 

optical performance of the system. Another method to make larger port count 

optical cross connects is using a matrix of individually addressable mirrors, 

which will be explained in the next section.   

     A common inconvenience of optical MEMS is the assembly to external 

optical elements. The high alignment precision that is required for 

microoptical systems requires several precautions that need to be taken into 

account when designing the chip.  

     Passive alignment structures etched during the same step as the mirrors 

enable an economic assembly of optical fibers. A further improvement of this 

technique is a parallel assembly of fibers using commercially available fiber 
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ribbons (figure 3.1). For the case of a single mode fiber used for 

telecommunication the pitch between neighbouring fibers measures 250 µm, 

 

 
 

Figure 3.1: Fiber ribbon containing four fibers with colour coded plastic 

jacket above silicon U-grooves for the fibers. The pitch between two 

neighbouring fibers is 250 µm.  

 
 

 

Input SMF ribbon Output SMF ribbon

GRIN lenses

Mirror matrix

Actuator

 
 

Figure 3.2: Conceptual drawing of a 4x4 OXC: Fiber ribbons can be 

passively aligned to a 4x4 matrix of reflective mirrors, which have the same 

pitch as the fibers (250 µm).   
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which defines the smallest reasonable pitch between microfabricated optical 

elements on a chip.  

     The goal of this project is straightforward: The fabrication of a dense 4x4 

and 8x8 mirror matrix with a mirror pitch of 250 µm and actuators for 

individual addressing. The compact design of the switch allows the assembly 

of fiber ribbons instead of individual fibers. A conceptual drawing of a 4x4 

OXC is shown in figure 3.2.  

  

 

 

 

 

 

3.1 The MEMS Actuator  

 

     The layout of the required 4x4 mirror matrix is sketched in figure 3.3. The 

light of four input fibers is switched to any output fiber by setting the 

corresponding mirrors in the reflective state. Cylindrical GRIN lenses are 

used to collimate the light coming from the single mode fiber. The fiber 

ribbons and GRIN lenses are assembled into U-grooves etched during the 

same step as the mirrors. This enables passive alignment.  

2
5
0

 µ
m

GRIN 

lenses

Input 
fiber 

ribbon

Output fiber 

ribbon  
 

 

Figure 3.3: Schematic layout of the 4x4 switch matrix. The mirrors have a 

pitch of 250 µm. The light of four input fibers is switched to any of the four 

output fibers by setting the corresponding mirrors in the reflective state.  
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3.1.1 Optical Dimensioning  

 

     Before talking about the actuation principle I would like to focus on the 

dimensioning of the microoptical system and its influence on the mechanical 

design. The interaction of optical and mechanical properties has to be 

analysed before designing a device. An often underestimated effect is the 

divergence of small optical beams. The coupling length of an optical beam 

rises quadratic with the beam waist (see chapter 2.2.3). Since the Rayleigh 

Range is the double value of the distance where an initial beam waist 
ω

0 

reaches a diameter of 
√

2 
ω

0, it will be taken as an indicator for an achievable 

coupling length. The Rayleigh Range in function of the beam waist is plotted 

in figure 3.4 and is compared to the coupling length requirements of the 8x8 

OXC. 

     If we come back to the desired pitch of 250 µm it follows that for an 8x8 

array the maximum coupling length would be 16 pitches or 4 mm. From 

figure 3.4 we can conclude that a minimal beam waist in the order of 30 µm 

 

 
 

Figure 3.4: The Rayleigh Range can be taken as an indicator for an 

achievable coupling length for a given beam waist in the mirror matrix area. 

The Rayleigh Range of an optical beam emerging from a SMF is in the order 

of 100 µm. The maximum coupling length of the 8x8 OXC is 4 mm, which 

means that to couple light from input to output with low loss a beam waist 

larger than 30 µm should be chosen.  
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will be required in the mirror matrix area.  

     Now the size of mirrors can be calculated. It follows from the geometry of 

a matrix switch that the incoming light beam can be reflected at almost any 

place on its axis of propagation. This means that we do not know the exact 

diameter and curvature of the beam that will be reflected. Therefore, a mirror 

size exceeding the size of the beams biggest extension should be designed. If 

we think again about the beam diameter at the Rayleigh Range a good 

estimation for the maximum beam waist is √2 ω0. In order to reflect a light 

beam with a beam waist of 30 µm, a mirror height of 100 µm is appropriate 

(2 x √2ω0). The mirrors are oriented at an angle of 45° to the optical beam. In 

order to have a projected length of 100 µm their length has to be √2 x 

100 µm.   

 

 

 

3.1.2 Electrostatic Actuator 

 

By looking at the layout of the mirrors matrix we can eliminate the use of 

classical comb drive actuators. Their lateral size makes it impossible to 

integrate them between the individual mirrors. Additionally, a design that 

could move the mirror out of the optical plane, which is defined by the plane 

in which the light beams propagate, is preferred to a design where the mirrors 

are only shifted out of the optical path within the plane.  

A very compact design can be found by looking at MEMS for display 

applications
3
. A platform, which is supported by torsion beams, is actuated 

by an electrode underneath. A silicon version of such a platform proved its 

reliability
4
. Whereas in both cases the platform itself acts as the reflective 

surface, our switch needs a vertical mirror, which is situated vertically on the 

top of the platform. The actuation principle remains the same and is shown in 

figure 3.5. In the initial state a voltage is applied to all the electrodes and the 

platforms are grounded. The actuators are pulled down and do not affect the 

light beams. Once the voltage on the addressed electrode is switched off, the 

corresponding actuator bends up due to the restoring force of the torsion 

beams. The light beam is switched to the corresponding output fiber.  

     The size of the platform should be as big as possible to optimise the 

electrostatic force actuating the device. The length should match the vertical 

mirror and was fixed to 140 µm. The width is limited by the pitch of the 

mirrors. After designing a supporting frame a maximum width of 280 µm 

remained. 
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     The complete switch is composed of a matrix of such actuators (figure 

3.6). The design of the electrodes comprises the wiring to a surrounding 

Electrode

Platform

Mirror
Torsion beam

 

 

Figure 3.5: Platform with vertical mirror in the actuated (left) and non 

actuated (right) state. A light beam is only reflected if the mirror is in the 

non-actuated state.   

 
 

 

Mirror chip

Spacer

Electrode chip

 
 
 

Figure 3.6: Array of actuators and electrodes: A spacer ensures the correct 

spacing between the two parts. 
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bondpad area, which allows the bonding to the driving electronics. A spacer 

ensures the correct spacing between mirror and electrode array. 

 

 

3.1.4 Electrostatic Simulation 

 

     The goal of this subchapter is the estimation of the available actuation 

forces and the determination of the dimensions of the torsion beams. The out-

of-plane actuation of the platform requires an actuation electrode under the 

platform spaced by a spacer. The height of the spacer is given by the length 

of the platform (140 µm). To avoid touching or sticking of the two 

components due to bending of the torsion beams an additional height of 10 to 

20 µm was added. To move the mirror out of the optical path a voltage is 

applied to the electrode while the platform is at ground potential.  

     The high distance between the two electrodes results in a small 

electrostatic force. The restoring force of the torsion beam can be calculated 

explicitly
5
. For small angles, a parallel plate capacitor approximation can be 

used to calculate the force of the actuator for a given voltage. The result of 

this calculation was that at an actuation voltage of 200 V the diameter of the 

torsion beams would have to be less than 1 µm.  

 

V

~
1
6

0
 µ

m

140 µm

Platform

Electrode

Mirror

 
 

 

Figure 3.7: Cross section of the actuator and actuation principle. If a 

voltage is applied between platform and electrode the platform moves out 

of the optical plane.  
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      Of course, the parallel plate approximation is not exact for this kind of 

actuator but it is simple and gives a first estimate for the actuation voltage. To 

obtain a better understanding of the device different FEM simulations and the 

energy method described in chapter 2.1.1 were performed. The most 

important task to solve was the influence of the torsion beam cross section on 

the actuation voltage.  

 

 

3.1.4.1 Coventor Ware: Finite Element Method 

 

     All coupled electromechanical FEM simulations were carried out with 

CoventorWare. For simplicity, square beam cross sections were simulated. 

The tilt angle of the platform in function of the voltage is plotted in 

figure 3.8. To show the strong dependency of the beam cross section we 

varied its height from 0.25 to 2 µm keeping the width constant at 1 µm. 

     From figure 3.8 it can be seen that a doubling of the beam height causes 

approximately twice the actuation voltage. At higher tilt angles than plotted 
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Figure 3.8: Comparison of the tilt angle in function of the applied voltage 

for different beam cross sections. A doubling of the beam height causes 

approximately a doubled actuation voltage.   
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we observed a pull-in of the platform. However, the platform and electrode 

never touched since the chosen height of the spacer was 20 µm higher than 

the length of the platform.  

     The corresponding simulated resonance frequencies of the first mode are 

shown in table 3.1. It has to be noted that these values were calculated for a 

solid platform with the height of the beams and without any mirror and do 

not reflect exactly the microfabricated device. 

 

 

 

 

3.1.4.2 Energy Method 

 

     The FEM simulation showed that the principal motion of the platform is 

the tilt motion around the axis of the supporting torsion beams. The sagging 

of the platform was in the order of 1 µm at tilt angles close to 90°. The 

comparison of the mechanical energies that are stored in the torsion and 

sagging mode of the torsion beams show that only a negligible amount of 

energy is stored in the sagging mode. Therefore, it is possible to simulate the 

device using the energy method and to neglect the sagging of the platform.  

     ANSYS and Coventor were used to create two electrostatic models of the 

actuator. The major difference between the two softwares is that in ANSYS 

we computed the total electrostatic energy that is stored in the system 

whereas Coventor computes the capacity. Another difference is that in 

ANSYS the two electrodes were modelled using a 2D approach whereas in 

Coventor a 3D model was created. Therefore, it was possible to create a 

 

Table 3.1: Simulated resonance frequencies of the first mode; the beam 

width w of 1 µm and the length of 150 µm are constant.  The resonance 

frequency increases with the beam height due to the increased torsion 

spring constant. 

Beam height h [µm] Resonance frequency [kHz] 

0.25 0.79 

0.5 1.47 

1 2.41 

2 3.19 
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Coventor model including the vertical mirror which was not the case for the 

2D model.  

     The absolute value of the simulated capacity for different tilt angles is 

shown in figure 3.9. The influence of the vertical mirror can be seen clearly.  

The initial value of the capacity is higher with the mirror and as the tilt angle 

increases the distance between mirror and electrode decreases causing an 

increase in capacity. At first sight it seems that the ANSYS results differ 

strongly from the results obtained by Coventor. However, it has to be 

reminded that the force acting on the actuator is proportional to the first 

derivate of the capacity. The derivate of the capacity is shown in figure 3.10. 

Here, the ANSYS and the Coventor model without mirror show nearly equal 

results. Only the model with the mirror shows a higher force at tilt angles 

over 45°, which again is explained by the additional force originating by the 

presence of the mirror.  

     The reason behind the discrepancy in the absolute value of the capacity 

must be in the mathematical models of the two softwares. The electrostatic 

energy is distributed over an infinite volume. The ANSYS model covers only 

 
 

Figure 3.9: Simulated absolute value of the capacity for different tilt angles 

for three different models. A 2D model was used in ANSYS whereas a 3D 

model with and without mirror was simulated with Coventor.  
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a finite volume. Coventor creates a finite model surrounded by infinite 

boundary elements but it is not clear how it calculates the capacity.  The 

initial capacity of the actuator can be calculated by the parallel plate 

approximation, which gives a value of 2.15 pF being closer to the ANSYS 

simulation.   

     These results shown in figure 3.10 were exported to Matlab where the 

mechanical energy stored in the torsion beams was subtracted. Figure 3.11 

shows a V-θ diagram at the equality of mechanical and electrostatic torque of 

the actuator for a square beam cross section of 1x1 µm
2
.  As anticipated from 

figure 3.10, the results obtained by the different simulation softwares agree 

very well. The presence of the mirror decreases the actuation voltage by only 

20 V. The maximum tilt angle increases from about 75° for the platform to 

over 80° for the platform including the mirror. In comparison to the pure 

FEM simulation shown in figure 3.8 the values obtained by the energy 

method agree very well for the tilt angles that were calculated by the FEM. 

However, the energy method showed that the platform does not pull-in, as 

 
 

Figure 3.10: The electrostatic force acting on the actuator is proportional 

to the derivate of the capacity. The ANSYS and Coventor results show 

nearly equal results. The additional force acting on the mirror causes a 

higher force at tilt angles greater than 45°. 
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seen using a FEM analysis. The high slope of the curve between 20° and 50° 

caused the FEM algorithm to fail.  

     The main conclusion that can be drawn from this chapter is that the cross 

section of the torsion beams will have to be in the order of 1 µm
2
 to drive the 

mirrors at reasonable voltages around 300 V.   

     Structures with such small dimensions are difficult to fabricate. Different 

types of independent fabrication tolerances make it difficult to predict the 

exact size of the microfabricated structure. The main sources of these 

tolerances originate from the mask, the lithography, the development of the 

photoresist and the etching method as well the etching itself. Typically, the 

structures on a mask are defined with a tolerance of ± 0.1 µm (see figure 

3.12). The lithography and development tolerances lie in the same order of 

magnitude. Tolerances from the etching method vary between 0 and several 

micrometers, however, values in the micrometer range are mostly observed 

during wet etching. Modern plasma etching machines achieve an 

underetching in the order of 0.1 µm. 

 
 

Figure 3.11: V-
θ

 diagram at equality of mechanical and electrostatic 

torque of the actuator for a square beam cross section of 1x1 µm
2
 

calculated by the energy method. The results obtained by ANSYS and 

Coventor, as well as the pure FEM simulation, agree very well.  
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     A common way to fabricate small silicon structures is to design a slightly 

larger structure width and to tune the width by a timed thermal oxidation of 

silicon followed by a removal of the SiO2
6
. This method will be further 

explained in the next chapter.  

 

 

 

3.1.5 Process Flow 

 

     The search for an appropriate process was difficult. Etching thin, vertical 

and 100 µm high mirrors is already complicated in and of itself. If the 

verticality of the structures is not controlled to a fraction of a degree thin 

structures are undercut and are lost during the etching process (figure 3.13). 

A process allowing to etch mirrors supported on a thin platform and very 

fragile torsion beams had to be found. A delay mask process
7
 where the 

beams and platforms were etched from the front-side was not suitable 

because of the long second etching step. The only way to fabricate structures 

with high resolution on the top and bottom side of the device was using a 

double side process and taking wafers with a thickness of the device itself. 

The SCREAM process
8
 that was developed to fabricate thin, suspended 

structures in bulk silicon using a single lithography step was found to be a 

5 µm large beam

   
 

Figure 3.12: Left: SEM micrograph of the chromium structure on the 

photolithographic mask. The designed beam width was 5 µm. A clear 

thickness variation of ±100 nm is visible. Right: Microfabricated torsion 

beam after the beam thinning. The beam thickness is in the order of 1 µm. 

The thickness variation of the mask was transferred to the beam.  
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good inspiration. The idea to combine directional etching, passivation, 

directional etching of the passivation and isotropic underetching of a thin 

beam was adapted to our needs.  

     The fabrication process is shown in figure 3.14. It starts with a thin silicon 

wafer. The thickness measures 120 µm, which is the height of the actuator 

(mirror and platform).  

 

1)  A thick (1 µm) thermal SiO2 is grown on the wafer. Photoresist is spun on 

the backside and patterned using a photolithographic process. This step 

defines the initial beam width and the platform. 

2)  The SiO2 is dry-etched using reactive ion etching (RIE). This pattern is 

transferred to the silicon using deep reactive ion etching (DRIE). 7 µm 

deep trenches are etched into the wafer. After stripping the photoresist 

and cleaning, a thin (0.3 µm) thermal SiO2 is grown. This step does not 

increase the thickness of the thick SiO2 by the same amount as on the bare 

silicon in the trenches.  

3)  The SiO2 is dry etched in a directional (anisotropic) plasma etch. This 

allows the removal of the floor SiO2 in the trenches while leaving some 

SiO2 on the sidewalls and the area that was covered with thick SiO2 

protecting these surfaces during the next step. A dry, isotropic silicon etch 

releases the beams due to the undercut. This technique enables the 

fabrication of beams of the same dimensions over the whole wafer.  

4)  After cleaning, another thin (0.3 µm) SiO2 is grown. It coats the whole 

beam, which will protect it during the following front side processes. The 

 
 

Figure 3.13: Thin mirror, underetched due to a slightly negative etching 

angle.  
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thin and fragile silicon wafer is anodic bonded to a 500 µm thick Pyrex 

wafer. The patterned side is facing the Pyrex wafer. A photoresist layer is 

spun and patterned on the front side of the silicon wafer to form the 

mirrors. The SiO2 is dry etched using RIE.  

5)  The mirrors are etched using DRIE. The etching is stopped when the SiO2 

protecting the beams becomes visible. The Pyrex wafer and the SiO2 are 

removed by concentrated HF. The beams are thinned to the desired 

thickness reiterating the thermal oxidation and HF VPE of silicon. VPE is 

preferred to wet etching because the surface tension of liquid HF and the 

following rinsing in DI water would break the fragile torsion beams. A 

50 nm thick layer of gold is sputtered on the mirrors to ensure a good 

reflectivity in the infrared band. Finally, the actuator chip is assembled to 

an electrode chip, which consists of a Pyrex substrate as well as etched 

metal electrodes and an isolating spacer. 

 

     Dicing is a big problem for Optical MEMS. The harsh water jet cooling 

the dicing blade in common wafer dicing machines can break the fragile 

structures once they are released. Additionally, the reflective surfaces need to 

be protected from the dust generated by the dicing process. One method is 

covering the entire wafer with photoresist, dicing the wafer and removing the 

photoresist from the chips after the dicing. However, this process brings the 

 

1)  Oxidation,BS lithography 2)  BS SiO2 etching, DRIE, thin oxidation 3)  Floor-oxide removal, isotropic etch of Si

4)  Thin oxidation, bonding, FS lithography, 

oxide dry etching FS

6) Assembly to electrode wafer and spacer

5) FS DRIE of mirrors, oxide and sacrificial wafer

removal, beam thinning (oxidation, HF VPE)

and gold metallisation of the mirrors

 
Figure 3.14: Process flow: Double sided etching of a thin silicon wafer 

enables the fabrication of high resolution structures on both sides of the 

wafer. The thin torsion beams are fabricated on the back-side (BS) of the 

wafer. The vertical mirrors are etched on the front-side (FS). Finally, the 

fragile silicon chip is assembled to the spacer and the electrode chip.  
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released structures in contact with a liquid which is not desirable. A method 

for dicing free release was proposed by Overstolz et al.
9
. This method is only 

applicable for SOI wafers if both sides are patterned. In our case we decided 

to attach the chips with tiny beams to a silicon grid. These beams are etched 

during the fabrication of the device and can be easily broken manually once 

the fabrication is done. Using this method it also becomes possible to break 

out individual chips during their fabrication, which offers a better process 

control without the need of inspecting the whole wafer. 

 

 

 

 

 

3.2 The Micro-GRIN Lenses 

 
     The relatively large coupling length in an NxN switch matrix requires a 

collimating lens system in order to broaden the beam waist coming out of the 

single mode fibers. Cylindrical GRIN lenses have a big advantage in that they 

can easily be aligned to the cylindrical shape of optical fibers. However, 

GRIN lenses with a diameter of 125 µm are not commercially available. Such 

lenses could be easily integrated and aligned to single mode fibers using a U-

groove that is defined on one mask. The schematic of such a collimation 

system is shown in figure 3.15.  

     A new and inexpensive approach to fabricate micro GRIN lenses with a 

diameter of 125 µm is based on the dicing of selected multimode fibers with 

a GRIN core distribution, which will be presented in the next chapter
10

. The 

focal distance of the GRIN lens is adjusted by its length. Therefore, the 

coupling losses in function of the GRIN lens length and coupling length were 

studied and are presented hereafter.  

 

Beam waistGRIN lens 1 GRIN lens 2 SMF 2  
 
Figure 3.15: Schematic of the collimating setup: A light beam emerges from 

the SMF 1 and is collimated by GRIN lens 1. GRIN lens 2 refocuses the 

beam into SMF 2. 
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3.2.1 Optical Simulations 

 

     The coupling efficiency of the collimating system outlined in figure 3.15 

is calculated using two different approaches. The first approach is the 

calculation using ABCD matrixes described in chapter 2.2. The second 

method is Gaussian Beamlet simulation using the commercial software 

FRED from Photon Engineering. The simulations show the influence on the 

coupling efficiency of the following parameters: 

 

• Length of the GRIN rods 

• Tolerance of the GRIN rod length 

• Distance between SMF and GRIN lens 

• Achievable coupling length for a given maximal coupling loss 

 

     For all simulations a symmetrical setup as depicted in figure 3.15 was 

studied. The free space region was assumed to be a medium matching 

approximately the refractive index of the GRIN fiber.  

     Fabrication tolerances of the fiber manufacturer can change slightly. To 

avoid having to repeat the simulations for different fibers, we decided to 
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Figure 3.16: Measured refractive index distribution of the selected MM- 

fiber.  
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purchase a larger quantity of the selected GRIN fiber, thus ensuring a 

constant quality of the diced GRIN lenses.  

     The refractive index distribution of the fiber is shown in figure 3.16. The 

GRIN fiber core had a diameter of 64 µm and a NA of 0.269, which results in 

a parabolic factor α = 0.006 mm
-1

 (n
2
 = n0

2 
[1-α2

r
2
]). All important parameters 

for the fiber are summarized in table 3.2.  

 

 

Table 3.2: Summarized parameters of the selected MM fiber. 

 

Core 

diameter 

[µm] 

Numerical 

aperture NA 

(data sheet) 

 

n0 

Parabolic 

constant α 

[mm
-1

] 

(fitted value) 

Pitch 

(2π/α) 

[µm] 

64 0.269 1.486 0.006 1047 

 

 

3.2.2 Coupling Efficiency Using the Paraxial Approximation 

 

     The ABCD law is a straightforward method to calculate the coupling 

efficiency for Gaussian beams. However, it does not take into account the 

losses originating from diffraction and its paraxial nature makes it unsuitable 
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Figure 3.17: Calculation of the beam waist in a collimator setup. The light 

beam emerging the SMF1 diverges and is collimated by GRIN lens 1.  
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for calculating angular misalignment losses. 

     Figure 3.17 shows the calculated propagation of the beam waist in the 

collimator setup. The light beam exiting SMF1 diverges and is collimated by 

GRIN lens 1. The distance between SMF1 and GRIN1 determines the size of 

the beam waist in the lenses as well as in the free space region where other 

optical elements can be placed. Care has to be taken that the beam waist does 

not exceed the size of the lenses. With a gap distance of 400 µm the beam 

waist already extends to a beam diameter of 60 µm in GRIN1. 

     Figure 3.18 shows four calculations for different gap lengths between 

SMF and GRIN lens. Each graph represents the coupling losses of the whole 

system in function of GRIN- and coupling length. To reduce Fresnel 

reflection and diffraction losses the setup is assumed to be immersed into 

index matching fluid with a refractive index of 1.45 closely matching the 

refractive index of the lens. The centre of the GRIN lens has a refractive 

index n0 = 1.48. The utilized wavelength λ is 1.55 µm. 
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Figure 3.18: Coupling loss as function of GRIN lens length and coupling 

distance: a) 200 µm, b) 250 µm, c) 300 µm, d) 350 µm.  A larger gap 

between SM fiber and GRIN lens increases the coupling length and shorter 

GRIN lenses need to be taken. 



Concept 
 

 

51 

     Several conclusions can be drawn from these graphs. First, the length 

tolerances for a collimating lens are rather tight. A length variation of 10 µm 

increases the losses by several dB. It is apparent that the wider the gap 

between the GRIN lens and the SMF the larger the region of acceptable 

collimation. This is explained by an overall broadening of the propagating 

beam. However, the mathematical model does not take into account the 

losses that occur when the beam exceeds the core of the GRIN lens. 

Therefore, it is only valid for relatively small beam waists that are confined 

within the core of the lens.  

     The comparison of the performance of collimator systems having different 

gap sizes between the SMF and the GRIN lens is shown in figure 3.19. For a 

fixed coupling distance the optical losses can be minimized by choosing the 

right lens length. However, in some cases a small loss over a large coupling 

length is required
11

. A gap size of 350 µm in conjunction with a 610 µm 

GRIN lens delivers the best results over 2.3 mm keeping the losses relatively 

constant and lower than 3 dB.  

     A collimation system based on GRIN fibers with a core of 125 µm yields 

four times the coupling length. According to the simulations we should be 

able to fabricate lenses with a coupling length of 10 mm having overall losses 

 

 
 

Figure 3.19: Simulated effect of the gap width on the coupling loss. A large 

gap leads to a smaller overall loss. However, a small gap can be preferred 

for a fixed, short coupling length.  
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less than 3dB. After consultation of the fiber manufacturer we decided to 

study GRIN lenses with a core diameter of 110 µm. A custom made fiber 

would allow us to obtain a fiber with an optimal refractive index distribution 

α. Since α is coupled to the NA, a series of simulations with variable NA was 

performed and is shown in figure 3.20. The NA has to be larger than the NA 

of the SMF (being approximately NA ≈ θ0 = λ/πω0 ≈ 0.1). The whole setup 

was again immersed in index matching fluid. During the first simulations the 

gap between SMF and GRIN lens was kept constant at 450 µm (figure 3.20 

a), b), c)). The maximum beam diameter in GRIN 1 is 79 µm. The GRIN lens 

length tolerance, which is represented by the width of the blue region, 

decreases with the NA. The achievable coupling length at a given coupling 

loss also decreases if the gap is kept constant. 

However, at larger NA the beam in GRIN 1 is focalized stronger which 

results in a smaller maximum beam waist. To be able to compare the 

 
 

Figure 3.20: Coupling loss as function of GRIN lens length and coupling 

distance for GRIN fiber with core diameter of 110 µm: a) NA = 0.2, b) NA 

= 0.25, c) NA = 0.3 µm, d) NA = 0.3 with corrected gap SMF-GRIN.  

Coupling length of 8 mm with losses < 3 dB are achievable. A smaller NA 

yields a larger length tolerance which facilitates the lens fabrication.  
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performance of the GRIN lenses with different NA the gap between SMF and 

GRIN lens should be adjusted in order to have the same maximum beam 

diameter in GRIN 1. Figure 3.20 d) shows such a simulation for a NA of 0.3 

and a beam diameter of 80 µm resulting by a gap length of 550 µm. If it is 

compared to figure 3.20 a) it is visible that the coupling length is practically 

equal but the lens length tolerance of the lens with larger NA is smaller.  

 

3.2.3 Gaussian Beamlet Simulation  

 

     As mentioned in the previous chapter, the paraxial calculation of optical 

beams does not take into account the losses originating from diffraction at 

apertures and beam clipping. The software FRED from Photon Engineering 

combines ray tracing and the theory of Gaussian beamlets in one algorithm.  

     To validate the results shown previously the same setup as simulated in 

figure 3.20 a) was simulated with FRED. The results are shown in figure 

3.21. Instead of an increased coupling loss due to a contribution of the 

diffraction effects the simulated losses are smaller than predicted by the 

paraxial approximation. This is caused by the sampling of the source beam, 

which becomes a trade off between the number of sampling points of the 

source and the divergence angle of the individual Beamlets. In the FRED 

result a looping of the low loss area for short lens lengths and coupling 

distances larger than 4 mm is visible. This effect is due to the beam clipping 
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Figure 3.21: Comparison between the coupling losses of the GRIN 

collimator system using ABCD matrices (left) and the software FRED 

(right). The FRED simulation yields considerably lower losses, which is 

probably due to the sampling of the light source.  
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as a result of the large optical beams that are not coupled completely into the 

second GRIN lens. The simulated optimal GRIN lens length for this setup 

was found to be around 1590 µm for both simulation methods. 

     Even though the FRED results seem to predict lower losses than expected, 

the fact that the shape of the obtained curve agrees very well with the 

paraxial calculation indicates that FRED can be used to simulate the 

performance of microoptical elements in the discussed size in a qualitative 

way. The use of FRED is especially recommended for off axis simulations 

which can not be calculated by the paraxial method.  

 

 

3.3 The Optical Cross Connect (OXC) 

 

     The difficulty of creating a microsystem lies rarely in the single 

component that is integrated on the chip. Single components are often very 

well understood but when they are built together the interaction between 

optics, mechanics and electrostatics raises new and unexpected phenomena.   

     Even though a design was chosen that allows the parallel assembly of 

fiber ribbons the assembly of the optical cross connect is an important task. 

Due to the small space available for the actuators, a stacking of different 

components becomes necessary.  

 

 

3.3.1 The MEMS Part 

 

     The MEMS part of the optical cross connect consists of a stack of three 

chips: The electrode chip, the spacer and the silicon actuator (figure 3.22). 

The fabrication sequence of the silicon actuator was presented in chapter 

3.1.5. The spacers are fabricated using thin Pyrex wafers that are etched to 

the desired shape using a poly-silicon mask and HF wet etching. The 

advantage of Pyrex is that it is a dielectric material, which electrically isolates 

the actuator chip from the electrode chip. A very important feature of Pyrex 

is that it can be bonded to silicon using the anodic bonding process
12

. By 

heating (around 360°C) and applying a voltage (several 100 V) between 

Pyrex and silicon an adhesiveless, chemical bond is created at the interface of 

the two materials. The latter is very important because the thinness of the 

silicon actuator prohibits any gluing that generates mechanical stress. 
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     The electrode chip consists of a patterned aluminium structure on a Pyrex 

wafer. Its function is the selective actuation of single mirrors and the 

electrical connection to the exterior (electronic) world. The gained rigidity of 

the Pyrex-silicon stack allows the use of epoxy-glue for the assembly to the 

electrode chip. The alignment of the two parts can be carried out under an 

optical microscope using a xyz and θ stage. The alignment accuracy should 

be in the order of 10 µm.  

 

 

 

3.3.2 The Optical Assembly 

 

     The tininess of the GRIN lenses demands a micro-positioning tool that is 

able to handle such small cylinders. Sixteen individual GRIN lenses and two 

fiber ribbons containing eight fibers each have to be assembled to the MEMS 

chip.  

GRIN lenses

Output 

SMF 
ribbon

Input SMF

ribbon

Mirror matrix

Mirror chip

Electrodes

Spacer

Electrode chip

 
 

Figure 3.22: Stack of electrode chip, spacer and mirror chip. The silicon 

actuator is anodic bonded to the Pyrex spacer, which is then glued on the 

electrode chip.  
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3.3.3 The Assembly to the PCB and the Sealing 

 

     The microchip is assembled to a printed circuit board (PCB), which 

contains the macroscopic electrical connections to the driving electronics. 

The connections between electrode chip and PCB are made by wire bonding. 

To decrease losses due to Fresnel reflection and beam divergence the whole 

chip is filled with index matching fluid having a similar refractive index as 

the optical fibers (n ≈ 1.46). A surrounding aluminium frame is glued on the 

PCB. After injecting the index matching fluid the chip is capped with a piece 

of glass, which is glued on the frame. A schematic of the chip assembly is 

shown in figure 3.23.    

 

 

3.3.4 The Driving Electronics 

 

     The driving voltage of 300 to 500 V requires a voltage amplifier that 

generates these high voltages from a low voltage source. The electrostatic 

actuators do not need a high driving current. An electrical current flows when 

the small capacitance of the actuator is charged or discharged. The 

capacitance of our actuators is in the order of several fF. This value is 

negligible compared to the drain-source capacity of a switching transistor that 

is needed to “turn the actuation voltage on”, which is in the order of pF.  

Fiber
ribbon

Aluminium 

frame

PCB

Glass lid

MEMS stack

 
 

Figure 3.23: Exploded view of the OXC including PCB, optical fibers, 

MEMS part, aluminium frame and glass lid.  
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     Step-up voltage converters are a very convenient way to convert low DC 

voltage into high voltage. Their working principle is the use of voltage peaks 

that are generated when the voltage is switched at high speed over an 

inductance
13

.  

     The converter is based on a Maxim 770 CSA, which uses an external high 

voltage MOSFET transistor for the step-up conversion of the input voltage. 

The lower part of figure 3.24 shows the electrical schematic of the DC-DC 

converter block. The second building block of the electronic driver is the high 

voltage switches, which translate the logic input levels into the appropriate 

voltage to be applied on the electrostatic actuator. For our application we 

have chosen a N-MOS logic circuit. Its design is simple and allows us to tune 

the switching voltage with a second resistor for each mirror individually 

(figure 3.24 top). Nevertheless, for every N-MOS transistor that is set “high” 

(i.e. electrode on ground potential) a small current is drawn from the supply 

resulting in non negligible power consumption at 400 V. By Ohm’s law, the 

 
 

Figure 3.24: High voltage generation (bottom) and switching of the 

individual electrode voltages (top) for the 8x8 OXC. A step-up circuit 

based on a MAX770 circuit converts a low DC voltage into 400 V DC or 

more.  
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power flowing through a resistance is given by P = U
2
/R, which results in 15 

mW per channel if an 11 MΩ load is used. Typically, eight mirrors are in the 

switching state. Therefore, the theoretic power consumption of a complete 

8x8 OXC is 120 mW. This value does not include the efficiency of the step-

up circuit, which can be low if a high output voltage is desired. It has to be 

noted that the switching power (power that is needed to load the Drain-

Source capacity of the transistors) is negligible.  

     The power consumption can be reduced by raising the value of the load 

resistor. However, this decreases the switching speed of the actuator since the 

RC value of the resistor and the drain-source capacity rises. A typical drain-

source capacity for a SMD high voltage transistor is 10 pF. If it is loaded 

through a 100 MΩ resistance, it will take about 1 ms to actuate the mirror at a 

power of 0.8 mW per mirror for an actuation frequency of 500 Hz. 
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4  Technological Realisation 
 

     The fabrication process of the MEMS part was introduced in the previous 

chapter. The required precision of the fabrication of the torsion beams on the 

backside and the vertical mirrors on the frontside of the silicon wafer caused 

a large optimisation effort for the etching processes. Due to the double-sided 

etching approach wafers with a thickness of 120 µm have been used. This 

caused additional precautions for some existing processes.  

     In contrast, the fabrication of the microlenses is very simple. It does not 

need a clean room environment and is compatible to mass production.  

 

 

4.1 MEMS Actuator  

 

4.1.1 Etching of the Torsion Beams 

 

     According to the simulations, the torsion beams need to have a cross 

section smaller than 1x1 µm
2
. Structures of this size are very difficult to 

fabricate using standard lithography and mask aligners. Additionally, the 

beams need to be protected from any following fabrication step, especially 

from the etching of the vertical mirrors. Therefore, torsion beam widths of 

5 µm were initially designed on the mask. To reach the exact beam shape that 
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is required for the application the beams were thinned by consecutive 

oxidation and HF vapour phase etching.  

     The combination of DRIE, passivation and isotropic etching is an ideal 

process to create narrow structures in bulk silicon. The detailed schematic of 

the beam fabrication process is shown in figure 4.1.  

     Step a) (thick SiO2 patterning), b) (DRIE) and c) (thin oxidation) are 

standard processes in microfabrication. It is important that the thermal SiO2 

that is grown during step c) is much thinner than the SiO2 on the wafer 

surface. Under this condition the thinner floor SiO2 in the etched groove can 

be etched without affecting the silicon of the wafer surface. This can be done 

by slightly modifying the DRIE process used to etch the grooves. Then, the 

structures can be underetched using an isotropic etch step. Again, this was 

carried out in the DRIE reactor by modifying the process in a way that no 

passivation layer was deposited.  

     The following SEM images illustrate the difficulties that were 

encountered during the development of the process. Figure 4.2 shows a SEM 

micrograph of the etched platform after step e). To inspect the etching 

progress in vertical direction the wafers were broken before being 

investigated in the SEM. The thick and the thin SiO2 can be seen clearly. The 

anisotropic etching step was carried out without any problems. An 

inconvenience appeared after the floor- SiO2 removal and the following 

isotropic etching step. After a short etching time, an unwanted undercut at the 

edges on the wafer surface appeared. A possible reason was suspected to be a 

charging of the sharp dielectric corners that were formed after the DRIE 

 

Torsion
beam

a) b) c)

d) e) f)  
 

Figure 4.1: Detailed description of the torsion beam fabrication.  
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(figure 4.2).  The strong electric field at the corners would attract the reactive 

ions and destroy the passivation of the silicon. 

     The solution to this problem was found in the etching of tapered edges at 

the beginning of the DRIE step. This was realized by starting the DRIE with 

an isotropic etching (no polymer deposition) for an etch depth of 

approximately 1µm (figure 4.3). The isotropic undercut of the SiO2 mask 

followed  by the thermal oxidation  should lead to the desired result.  A  part 

10 µm

Undercut of 
the edge

Thin SiO2

Thick SiO2

Isotropic etch

 
 
Figure 4.2: Side-view of the wafer after step e). Besides the thick and thin 

SiO2 and the isotropic underetching of the platform, an undercut of the 

edges on the topside of the wafer appeared. Charging effects on the sharp 

corners most probably caused the SiO2 passivation to break.  

 

 

a’) b’) c’)a’) b’) c’)
 

 

Figure 4.3: Modified process to avoid the undercutting of the sharp edges 

on the wafer surface. A short isotropic etching step preceding the DRIE 

step creates tapered edges that survive the following floor  SiO2 removal 

step.   
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Figure 4.4: The tapered beginning of the DRIE protects the edges on the 

wafer surface from being etched.   

 

 

 
 
Figure 4.5: Top view of the torsion beam after step e). The edges of the 

torsion beam are not undercut.  
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of the etched platform is shown in figure 4.4. The protective SiO2 on the 

sidewalls is no longer damaged. A large, isotropic undercut of more than 

5 µm could be obtained without any degradation of the side-walls.  

     When looking at figure 4.4, another important process parameter becomes 

visible: The etching time of the DRIE and the isotropic etching step define 

the cross section of the undercut structures. A longer DRIE step results in a 

higher structure, a longer isotropic step decreases the height. Due to the 

isotropic beginning of the DRIE step the etched beam cross section is more 

octagonal or round than square. A SEM picture of a part of the torsion beam 

is shown in figure 4.5. 

 

 

4.1.2 Etching of the Mirrors 

 

     The vertical mirrors were etched on the front-side of the thin wafer. They 

 

a)  Anodic bonding to Pyrex wafer, FS

lithography, SiO2 dry etching

c) Pyrex wafer and SiO2 removal in HF 50% c) Pyrex wafer and SiO2 removal in HF 50% 

b)  DRIE of mirrors, cleaning 

d) Beam thinning and gold deposition  
 

Figure 4.6: Fabrication process for the mirrors. The fragile silicon wafer is 

temporarily bonded to a Pyrex wafer, which is then removed with 

concentrated HF after the DRIE of the mirrors.  
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are located in the middle of the platform where the platform is not perforated. 

This part of the process flow is shown in figure 4.6. 

     Due to the fragility of the wafer and the deep front-side etching the silicon 

wafer was anodic-bonded to a 500 µm thick Pyrex wafer with the beams and 

platforms touching the Pyrex wafer. The bonding parameters have a big 

influence on the stress between the two wafers and the resulting bow. A high 

bow (> 100 µm) yields difficulties for processes using vacuum or 

electrostatic clamping mechanisms and the precision of the photolithography.  

     The used bonding parameters are shown in table 4.1. Bonding in a vacuum 

environment would have been preferred because of the following structure 

opening during the DRIE. However, bows higher than 100 µm have been 

obtained. Since the enclosed pressure did not harm the structures, the reason 

behind the strong bowing was not further investigated and the bonding was 

accomplished under atmospheric pressure.  

 

 

Table 4.1: Anodic bonding parameters: The resulting bow is highly 

influenced by the pressure in the cavities. Best bonding results were achieved 

at atmospheric pressure. 

 

Voltage 

[V] 

Contact 

force [N] 

Temperature 

top/bottom [°C] 

Vacuum Resulting 

bow [µm] 

700 300 365/365 Yes 140 

700 300 365/365 No -30 
 

 

     Due to the protective SiO2 on the silicon wafer a relatively high bonding 

voltage of 700 V has been taken.  

     After bonding, the back-side of the Pyrex wafer was covered with a thin 

layer of aluminium to allow the electrostatic clamping in the DRIE reactor. A 

“window” allowing the following backside alignment was created with an 

adhesive tape glued on the Pyrex wafer prior to the aluminium deposition.  

      Prior to the lithography the thin SiO2 on the top-side of the silicon wafer 

was etched away using RIE. The mirrors were fabricated by DRIE. Often 

very thin, vertical structures are fabricated using protective dummy-walls 

surrounding the actual structure. These walls protect the mirror from being 

underetched. They have to be designed in a way that they can be removed 

after the etching.  This is usually accomplished by designing these walls 

thinner than the actual mirror and removing them by oxidation and HF 

etching. This technique caused a lot of problems in this design since these  
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 structures could not be attached very well to the chip and had to be attached 

to the mirror itself. Instead, a DRIE process enabling us to etch 100 µm high 

vertical mirrors without protective walls was developed. Figure 4.7 shows a 

silicon mirror fabricated without protective walls. The left picture shows a 

mirror that was etched in three steps to monitor the etching process. The side-

wall roughness increased drastically each time the DRIE was interrupted to 

inspect the wafer. A silicon mirror etched with a long first DRIE step is 

   
 

Figure 4.7: Left: Silicon mirror fabricated without protective walls. The 

side-wall roughness increased drastically each time the DRIE was 

interrupted to inspect the wafer. Right: Silicon mirror etched with a long 

first DRIE step. The mirror quality is good over a much longer depth. 

 

 

Thin SiO2

platform etching 

protection

Torsion beam 

buried under  

protective SiO2

Time-etched 

silicon

 
 

Figure 4.8: SiO2 protecting the torsion beams and the platform from the 

front-side etching. The verticality of the vertical mirror is better than 0.5 

degrees.   
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shown in the right image. The mirror roughness is constant over a much 

longer depth.  

     The torsion beams and a big part of the platform are protected from the 

deep front-side etching by the thin SiO2. Nevertheless, the etch depth had to 

be controlled in order to keep the supporting structures of the chip. Timed 

etching allowed us to leave a supporting silicon thickness of less than 10 µm. 

An indicator for the timed etching was the appearance of the thin SiO2 

protecting the torsion beams and the platform. As it can be seen in figure 4.8, 

the isotropic undercut of the individual holes in the platforms are touching, 

forming a continuous layer of SiO2. The verticality of the mirror is better than 

0.5 degrees. The mirror itself is anchored by a region without SiO2 in the 

middle of the platform.  

     The fabrication yield is most influenced by the timed etching. If the 

etching is too short the platforms are not released or the remaining silicon on 

the SiO2 will get in the way of the movable structures. If it is too long the 

supporting frame for the torsion beams and optical fibers will be too weak or 

even etched away. A “natural” overetching failure rate is caused by the total 

thickness variation of the wafer and the etch non-uniformity of the DRIE 

process. 

     At that stage the general shape of the actuator is fabricated. The Pyrex 

wafer is removed by concentrated HF. The approximately 4 µm thick torsion 

beams allow for a last piranha cleaning and water rinsing before all the 

structures are thinned by consecutive thermal oxidation and HF vapour 

etching. The targeted torsion beam thickness of 1 µm can be achieved if the 

SiO2 is etched in a HF vapour atmosphere. A part of an 8x8 mirror matrix is 

shown in figure 4.9. The platforms are only suspended by torsion beams, 

which have a cross section of less than a micrometer. The shape of the torsion 

beam appears to be round but can’t be determined exactly. The shape is due 

to the isotropic beginning of the beam-etching and the thermal oxidation, 

which is known to round the sharp edges. Torsion beams with a diameter of 

down to 0.5 µm and length of 150 µm were fabricated.  

     The secondary effect of the rounding effect is a decrease of the mirrors 

surface roughness.  An image of a complete 8x8 cross connect is shown in 

figure 4.10. The chips can be released from the wafer by breaking the four 

beams holding the individual chips on a stable grid.  

     A thin layer of gold is sputtered on the individual chips to assure a high 

reflectivity in the infrared band. A gold layer of 60 nm results in a reflectivity 

of better than 97.5 % for normal incidences
1
.  The sputtering equipment did 

not allow for a precise measurement of the deposited layer.  
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Figure 4.10: Complete 8x8 cross connect with mirror matrix, fiber 

alignment structures and break beams for dicing free release of the chips.  

 

750 nm

 
 
Figure 4.9: A part of an 8x8 mirror matrix. The freestanding platforms are 

only suspended by the thinned torsion beams.  
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4.2 Microlenses 

 

     In comparison to the mirror matrix the fabrication of the GRIN lenses 

requires only a minimal set of equipment when compared to the conventional 

methods used for the fabrication of GRIN lenses. The fabrication sequence is 

plotted in figure 4.11. The first step is the dicing of V-grooves in the silicon 

substrate. This is done by means of a V-shaped dicing blade and a wafer 

dicing machine. Then, the fibers are cut to appropriate lengths and inserted 

into the V-grooves. The fibers are fixed by means of thermal glue.  

     The glue has to match a number of requirements, the foremost being the 

ease with which it can be removed. For the current application, a thermal glue 

(STEPWAX No. 1) was used. This glue has the property of turning to a 

liquid when heated to a certain temperature and solidifying again when 

cooled. Best results were obtained by heating the silicon wafer on a hot plate 

to 130°C. The glue is then spread over a second wafer which is then pressed 

on top of the first one carrying the GRIN fiber pieces in the grooves. This 

ensures a good penetration of the glue into the grooves as well as an extra 

mechanical fixation for the fibers.  

     After the glue has cooled down the lenses can be fabricated. The 

fabrication utilizes the same dicing machine that was used for the creation of 

the V-grooves. GRIN rod pieces of defined length are cut by dicing in the 

perpendicular direction to the fiber pieces (figure 4.12). The x-step distance 

of the dicing machine is composed by the desired lengths of the GRIN lenses 

plus the width of the dicing blade.  

     In order to have a small surface roughness on the diced lenses a fine 

diamond blade with grit size of 3 to 6 µm was taken.  

Based on the microscope image of the lens one can conclude that a rather 

high degree of surface roughness is present. This is confirmed by an SEM 

image of the lens (figure 4.13 a)) and an AFM measurement indicating an 

RMS roughness of over 1 µm. Such a degree of surface roughness does not 

necessarily mean that the lens will not operate in index matched fluid. Since 

the optical rays do not experience a refractive index variation at the lens-fluid 

interface losses due to scattering can be avoided. However, operation in air 

will be accompanied with high losses. 

     In order to reduce the surface roughness a number of approaches have 

been investigated. One is based on etching the GRIN lenses in a hydrofluoric 

acid solution. The reasoning behind this is that although the acid will etch the 

fiber isotropically, the rougher outer edges will most likely be smoothed out 

by the process. The fibers were fixed by photoresist and not by glue that 

dissolve faster in the acid. After being etched for 10 minutes in BHF an AFM 
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measurement of the fiber indicated a slightly lower surface roughness. Based 

on these AFM measurements, one would suspect that there is an 

improvement of the flatness. However, inspection under an optical 

microscope leads to a different conclusion. 

 

a)

b) c)
 

 

Figure 4.11: Fabrication sequence for GRIN lens rods: a) dicing of the V-

grooves, b) gluing of the GRIN fiber pieces, c) dicing of the GRIN lenses.  

 

 

 
 

Figure 4.12: Surface roughness of the GRIN lens after dicing. The 

roughness was measured to be about 1 µm RMS. 
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     On the micro-scale the edges have indeed been smoothed out, whereas on 

the macro scale a very clear deterioration of the surface is visible. A moon 

crater landscape with significant height variations was created, probably due 

to micro-cracks in the glass (figure 4.13 b)).  

 

 
 
Figure 4.14: GRIN lens before (left) and after (right) mechanical 

polishing. 

a) b)

GlueFiber

Cladding

Core

 
 

Figure 4.13: a) AFM image of a diced GRIN lens after dicing. b) GRIN 

lens after etching for 60 minutes in BHF. The crater-like surface is 

probably caused by micro-cracks in the glass after dicing.  
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     A different solution to the roughness problem is mechanical polishing of 

the endfaces. This technique has yielded very good results with regard to the 

surface roughness (figure 4.14). However, the fixation of the lenses during 

the polishing or the precise control of the length of the lens is very difficult. 

Moreover, this process, although suitable for small batches, does not meet the 

requirements of mass production. 

 

 

 

 

 

 

 

 

4.3 OXC 

 
     To complete the fabrication of the OXC an electrode chip and a spacer 

had to be microfabricated. The fabrication of the electrode is straightforward: 

A thin (500 nm) layer of aluminium is evaporated on a Pyrex wafer. Then the 

desired structured can be patterned in a wet etchant using a photoresist mask. 

The result is shown in figure 4.15.  

     Spacers were also fabricated out of 200 µm thick Pyrex wafers covered 

with a 400 nm thick LPCVD poly-silicon layer. The poly-silicon is patterned 

by RIE using a photoresist mask. The Pyrex is etched using a concentrated 

HF solution. Because of the thinness of the Pyrex, wafer dicing becomes 

difficult. Therefore, the individual spacers were directly etched into separate 

parts in the HF acid.  

 

 

4.3.1 Assembly 

 

     The high number of single parts of the OXC makes the assembly difficult 

and time consuming. However, the compactness of the chip justifies the 

effort. Passive alignment features and parallel assembly were a key subject 

already during the designing phase.  
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      The most important step is the assembly of the fragile silicon actuator 

chip to the spacer. Pyrex is the preferred material for the spacers since it 

enables the use of anodic bonding to bond the two parts. The big advantage 

of anodic bonding is that it is possible to create a stress-free bond and it does 

not need any intermediate adhesive layer between the two parts. The result is 

a durable, flat connection between the spacer and the actuator chip.  

     The chipwise anodic bonding was performed on an electrically conductive 

hotplate (on ground potential) with the silicon chip on the bottom. The spacer 

was aligned under an optical microscope using a homebuilt XYZθ-stage and 

a vacuum tool which was directly used as positive electrode. The bonding 

temperature was 365°C, the required bonding voltage was around 800 V and 

the bonding time was one minute.  

     The strengthened actuator was then aligned and glued to the electrode chip 

that was previously connected to a printed circuit board by wirebonding 

(figure 4.16). The higher rigidity allowed the use of UV-glue.  

     A semi-automated positioning stage was used to place the tiny GRIN lens 

rods onto the chip. A special vacuum tool able to pick up individual GRIN 

lenses had to be fabricated and facilitated the handling (figure 4.17). The 

GRIN lenses were positioned under a microscope and pushed into the U-

groove on the silicon chip. The mechanical springs, etched on the chip, clamp 

the lenses (see figure 4.18). This prevents the lenses from sticking to the 

vacuum tool due to electrostatic forces. The vacuum tool can then be 

removed and is ready to pick up the next lens.  

 

 

 
 

Figure 4.15: Diced 8x8 electrode chip. The aluminium electrodes are 

etched on a Pyrex substrate. 
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     The cleaving of the fiber ribbons was made with a commercial tool. The 

insertion and positioning was accomplished with a Z-stage whereon the 

ribbon could be fixed temporarily. The individual GRIN lenses were pushed 

in place by the ribbon until they touched the stoppers at the end of the fiber 

channels. Then, the ribbon was retracted by the desired distance between 

SMF and GRIN lens. A microfabricated ruler between the U-grooves could 

be used to control the positioning (figure 4.18).  

 

 

Vacuum tool

GRIN lens 

 
 

Figure 4.17: A special vacuum tool able to pick and place the lenses using 

a semi-automated micropositionner.   

 

 
 

Figure 4.16: Anodic bonded spacer-actuator chip and electrode chip, 

glued and wire-bonded to a printed circuit board.  
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Figure 4.18: U-grooves with assembled GRIN lenses, fiber ribbon, 

mechanical holding springs and ruler to control the positioning.  

 

 

 
 

Figure 4.19: Assembled 8x8 OXC on the PCB. An aluminium frame is 

glued on the PCB, filled with index matching oil and sealed by a glass plate 

and epoxy glue. 
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     An aluminium frame amply surrounding the chip is glued on the PCB. 

After filling the chip area with index matching fluid a glass lid is glued on top 

of the frame and sealed with epoxy glue. A picture of an assembled 8x8 cross 

connect is shown in figure 4.19. To complete the assembly the electrical 

contacts of the PCB have to be wired to the high voltage electronics.  
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5  Characterisation and Discussion 
 

 

     This chapter outlines the measurements of the microfabricated parts. First, 

the performance of the MEMS actuator and the GRIN lenses are measured 

separately and compared to the simulated results. Then, the coupling 

performance of an assembled 4x4 and 8x8 OXC is shown.  

 

 

5.1 MEMS Actuator  

 

     The fragility of the silicon actuators requires a careful treatment during the 

fabrication and characterisation process. The large deflection angle of the 

actuators and the porous surface of the platform make the choice of the right 

observation mechanism difficult. On the other side, the binary-operation of 

the optical switch limits the number of interesting characteristics to the values 

measured hereafter.  

     All measurements characterizing the mechanical properties of the switch 

were carried out without index matching fluid, which would constrain the 

choice of measurement equipment. 
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5.1.1 Actuation Voltage 

 

     The actuation voltage depends very strongly on the beam cross section. To 

characterize the exact actuation voltage dependency on the beam shape the 

dimensions of the beam itself would have to be characterized with high 

precision, which turned out to be very difficult. The small dimensions in the 

order of one micrometer and the rounded edges of the beams make it 

impossible to determine the exact beam cross section without destroying the 

chip. The most accurate way is inspecting the torsion beams in the SEM 

(figure 5.1). Therefore, I want to focus more on the voltage-theta 

characteristic and only give an estimate for the voltage - beam thickness 

dependency. 

     Another inconvenience of the thin beam section is the strong dependency 

to process variations and mask tolerances. A small variation of the beam 

thickness causes a relatively large actuation voltage change. A variation of a 

factor of two between lowest and highest actuation voltage was observed on 

most of the 8x8 OXC.  

     A measured voltage-theta characteristic of an actuator with estimated 

torsion beam diameter of 0.8 µm is shown in figure 5.2 and compared to the 

simulation result for torsion beams with a square section of 0.8x0.8 µm
2
 

using the energy method. The shape of the curve agrees very well with the 

simulation, which is another indication for the good performance of the 

simulation method. The spring constant of the real torsion beam is presumed 

to be smaller due to the rounding of the sharp edges. The latter explains a 

lower actuation voltage than simulated. 

 

 

 
 

Figure 5.1: Left: Torsion beam before thinning. Right: Torsion beam after 

thinning. The exact cross section can not be determined by SEM inspection 

but a rounding of the sharp corners can be observed. 
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5.1.2 Switching Speed and Resonance Frequency 

 

     The resonance frequency of different actuators on one 8x8 chip was 

measured with a Doppler laser vibrometer. The measurements for four 

actuators are given in figure 5.3. Additionally, the corresponding voltages, at 

which the actuators started to tilt, were measured by visual inspection under a 

microscope. The cross sections of the beams were measured to be in the order 

of 1x1 µm
2
. 

     A clear relation between resonance frequency and actuation voltage can be 

seen in figure 5.3. The relation between resonance frequency and the voltage 

that is needed to actuate the platform to a certain angle θ can be calculated. 

The resonance frequency of a torsion pendulum is given by 
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Figure 5.2: Comparison between the measurement of an actuator with 

estimated torsion beam diameter of 0.8 µm and the simulation with torsion 

beams having a cross section of 0.8x0.8 µm
2
 using the energy method. The 

spring constant of the real torsion beam is presumed to be smaller due to 

the rounding of the sharp edges. The latter explains the smaller actuation 

voltage. 
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where D is the torsion coefficient and J is the moment of inertia. The 

platform of our actuator can be described as a pendulum, which is suspended 

by the torsion beams. The moment M, which is applied to the torsion beams 

is given by 
 

        M D θ= ⋅                        (5.2) 
 

where θ is the torsion angle . From equation 5.2 we obtain 
 

          
M

D
θ

= ,                 (5.3) 

 

which can be inserted into equation 5.1 
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Figure 5.3: Resonance frequency for different actuators on one 8x8 chip. 

The high variation of the resonance frequencies reflects the variation of the 

actuation voltage. 
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The electrostatic torque on the platform can be expressed by  
 

                   21
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where C is the capacity of the actuator, which only depends on the geometry 

of the actuator and not of the applied voltage. If equation 5.5 is inserted into 

equation 5.4 we obtain 
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1 ∂∂
= .                (5.6) 

 

     The variation of the capacity at a given angle θ is constant. If we measure 

the resonance frequencies of different actuators and compare these values to 

the actuation voltages at a constant angle we should see a linear dependency 

of fres and the corresponding actuation voltage Vθ of the actuator. Note, that 

equation 5.6 does not mean that the resonance frequency is changing with the 

applied voltage.  

     These values were measured for a number of actuators from the same 

wafer and are plotted in figure 5.4. The actuation voltage was determined by 

observing the actuator under a microscope, which explains the variation of 

the measurements to the linear fit. However, a clear linear dependency can be 

seen in the graph. Since the resonance frequency can be determined at very 

small excitation voltages, its measurement can be used as a minimally 

invasive determination of the actuation voltage.  

     The measurements shown in figure 5.4 reflect a high variation of the 

actuation voltage distributed over a single 8x8 chip. This implies that either 

each actuation voltage for the 64 actuator has to be calibrated individually or 

that all actuators have to withstand the highest needed actuation voltage. 

Since the measurements showed that a higher actuation voltage does not 

harm the thinnest beams on a chip, the second and simpler method was 

implemented.  

     Figure 5.5 shows a resonance measurement of the supporting grid holding 

the actuators. The measurement was carried out by actuating all the mirrors in 

parallel to have the highest possible force on the grid. Resonance frequency 

peaks are visible below 500 Hz and at 3.4 kHz. The oscillation amplitude is 

about 200 times smaller than the oscillation of the actuators and should not 

influence the optical performance of the device.  
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Figure 5.5: Resonance frequencies of the supporting grid holding the 

actuators. Peaks are visible below 500 Hz and at 3.4 kHz. The oscillation 

amplitude is about 200 smaller than the oscillation of the actuators.  

 
 

Figure 5.4: Resonance frequency of the platform vs. actuation voltage. The 

actuation angle was determined under a microscope. A clear linear 

dependency can be seen in the graph.  
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     The switching speed of an actuator in oil was measured optically by using 

the reflected signal of a mirror. A measurement is shown in figure 5.6. It is 

worth noting that the mirror moves down when the actuation voltage changes 

to the high state. The photodiode generates a negative voltage upon receiving 

light, thus, a low state corresponds to a mirror being flipped up. 

      The actuation frequency was 100 Hz. The switching speed to release the 

mirror (ton) was less than 1.5 ms. Some ringing was observed but could be 

minimized with an optimized actuation voltage. The time to pull the mirror 

down (toff) was less than 3 ms. A clear delay in the reaction of the mirror can 

be observed, which is probably caused by the high RC value of the electrical 

driving circuit and will have to be examined in the future. At an actuation 

frequency of 200 Hz the two states of the mirror can still be separated clearly.  

 

Actuation

Reflected signal

Down

Up

ton toff

 
 

Figure 5.6: The switching speed of the OXC in oil was determined by the 

measurement of the reflected optical signal. Left: Actuation at 100 Hz. toff is 

larger than ton, which is probably due to the large RC value of the electrical 

circuit causing a slow charging of the electrode. Right: Actuation at 200 Hz.  
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5.2 GRIN Lenses 

 

     The surface roughness of the non polished GRIN lenses is too high to be 

considered as a good optical element. An optically flat surface should have a 

roughness smaller than the wavelength of the processed light divided by 20. 

It is evident that the coupling losses of an optical element with such a surface 

will be high due to the scattering of the light. The question now is what is the 

influence of the surface roughness if the GRIN lenses are surrounded by a 

material having a similar refractive index? Are the losses only noticeable in 

the presence of surface roughness and refractive index mismatch? 

 

5.2.1 Measurement Setup 

 

     The basis of the measurement setup was formed by a set of straight 

rectangular U-grooves etched into a silicon wafer. The grooves had the width 

of an optical fiber. A set of microfabricated springs on the walls of the 

grooves ensured precise alignment. The GRIN lenses were positioned into the 

grooves by means of the micro-assembly stage and the special vacuum tool. 

The stage was equipped with a microscope. The lenses were placed manually 

into the grooves. Finally, when both the fibers and the GRIN lenses were in 

place, a glass lid was placed on top and gently loaded with a needle. This 

ensured that the components were all tightly in place. An overview of the 

setup is given in figure 5.7.  

     Initially, the GRIN lenses were placed as far apart as possible. The length 

of the free space region between the lenses could then be tuned by pushing 

the lenses with the SM fibers. However, the lenses can only be pushed in one 

direction. By retracting the fibers we could precisely determine the length of 

the SMF-GRIN lens gap. The precision of this movement was estimated to be 

in the order of 10 µm. The actual distance between the GRIN lenses was 

determined by means of a ruler present in the microscope above the setup 

with a precision of 50 µm.  

     The experiment was performed in index matching fluid covering the 

whole assembly. The fluid decreases Fresnel reflection losses that are due to 

a mismatch of refractive index between two surfaces. Additionally, the 

surface roughness of both fibers and GRIN lenses were smoothed out by the 

oil.  

The output signal was measured by a photo detector that was previously 

calibrated in order to provide the value of the insertion loss.  
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5.2.2 Results 

 

     The simulations indicate that the length of an ideal GRIN lens is 

dependent on the gap size used between the lens and the SMF. The paraxial 

simulation for a fixed gap size of 250 µm between the GRIN lens and the 

SMF is shown in figure 5.8 a). A typical example of a measured GRIN lens 

collimator is shown in figure 5.8 b). The measured values agree well with the 

simulations. The length of a GRIN lens that yields the lowest cumulative 

losses of the required working distance is 645 µm according to the 

measurements and 650 µm according to the simulations. A typical “window” 

where the collimator scheme operates well is clearly visible. The 

measurements carried out for different gap sizes and GRIN lens lengths 

exhibit similar behaviour and good agreement with the simulations.  

     For the gap size of 350 µm the optimal GRIN lens length has been found 

to be 610 µm. The measured losses for different coupling lengths are shown 

in figure 5.9. In the same plot, the performance of a 645 µm long GRIN lens 

with a gap size of 250 µm is shown. In agreement with the simulations, the 

GRIN lenses

Needle
Glass 
cover

Silicon 

holder with 
U-groove

Fiber

 
 

Figure 5.7: Measurement setup for the GRIN lens characterisation: Two 

GRIN lenses are placed into a U-groove. A glass cover plate ensures the 

vertical alignment. The lenses are pushed to the desired location with the 

optical fibers that are fixed to a translation stage.  
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longer GRIN lens features lower insertion losses for a narrow operating 

region. However, the overall cumulative losses of the shorter lens are lower.  

It seems that although the optical beam in the GRIN lens extended the size of 

the core, no substantial loss is observed. To further confirm this claim even 

shorter GRIN lenses have been taken whereas the gap size has been increased 

to above 350 µm. A GRIN lens with a length of 595 µm and a gap size of 

400 µm has been fully characterised. The losses of the setup remained 

remarkably constant in the range of 1.3 – 2.0 dB for coupling lengths of 0.2 
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Figure 5.8: Comparison between simulations and measurements of the 

GRIN lenses in index matching oil: a) Simulation of the losses with a gap 

size of 250 µm , b)  measured losses of the collimation setup with gap size 

of 250 µm.  
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to 2 mm. It is likely that light is reflected at the core-cladding interface 

causing smaller losses as predicted. Therefore, taking a fiber with a 

substantially bigger core, i.e. smaller cladding, would enable efficient 

coupling over even longer distances. 

     Finally, I would like to note the relationship between surface roughness 

and the observed losses deduced from the experiments. As stated above, the 

collimator setup was immersed into index matching fluid that virtually 

eliminated all negative consequences of surface roughness. The latter can be 

concluded from the fact that the best insertion losses measured with the lens 

collimating setup were only 0.3 dB. Butt-to-butt coupling of two single mode 

fibers in the same grooves yielded insertion losses of 0.15 dB. The excess 

loss contributed by the lenses is therefore only 0.15 dB. Spreading this loss 

over the 4 interfaces of the lens means that each one contributes a negligible 

amount of loss. However, once a similar experiment was carried out without 

the presence of oil, the losses rose dramatically. With oil a measured loss was 

3.6 dB for a certain setup. Without oil the loss increased to 8 dB. 
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Figure 5.9: Comparison of the losses for two different GRIN lens and gap 

lengths. Even though the beam diameter exceeds the GRIN lens core the 

setup yields low losses over a large coupling length.  
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5.3 OXC 

 

 

     The large number and the small size of the different components needed to 

fabricate the complete optical cross connect requires a number of special 

tools to handle and assemble the parts. These tools as well as some training of 

the operating person keep the failure rate relatively low. The good 

functionality of the optical cross connect is governed by the cooperation of 

optical, mechanical and electrical parts each having proper failure modes. 

The assembly and alignment of the component add another type of failure 

mode, which makes it very difficult to find the origin of sub-optimal 

measurements. 

 

 

5.3.1 Measurement Setup 

 

     To measure the 8x8 matrix switch 64 high voltage channels need to be 

controlled in parallel. The control was implemented on a personal computer, 

which generated a 6 bit signal encoding the desired switching pattern. This 

signal was decoded electronically by a multiplexer, controlling 64 high 

voltage transistors on a PCB. To increase the throughput of tested chips a 

ribbon connector was used to connect the PCB hosting the MEMS chip.  

     Eight laser sources operating around a wavelength of 1.55 µm were 

connected to the input fiber ribbon. The output fiber ribbon was connected to 

eight calibrated monitor diodes measuring the coupling loss of each channel. 

A schematic of the complete setup is shown in figure 5.11.  

The GRIN lenses have a considerable contribution to the coupling loss, 

which is dependent on the optical path length the light has to travel. The 

calculated losses for the fabricated GRIN lenses with a core diameter of 

62.5 µm are plotted in figure 5.12.  For different gap lengths between SMF 

and GRIN lens the optimal GRIN lens length was taken to make the plot. For 

the largest coupling length a gap of 300 µm and a GRIN lens with a length of 

610 µm yielded a loss of about 9 dB that originated only from the mismatch 

of the diameter and the curvature of the optical beam. Losses due to 

diffraction, surface properties, beam clipping and misalignment will add to 

this value.  
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Figure 5.12: Calculated intrinsic losses of the GRIN lenses for the different 

coupling lengths. Diffraction, scattering, beam clipping and misalignment 

losses will add to these values.  

 

 
 

Figure 5.11: Setup for the characterisation of the optical cross connects. 
The controlling of the 64 mirrors is implemented on a PC. Eight laser 

sources and diodes enable a fast measurement of the mirror matrix.   
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5.3.2 Optical Characterisation of the 4x4 Optical Cross Connect 

 

     The handling of the 4x4 switches is less critical than the 8x8’s. A 

measurement of a complete matrix is given in table 5.1. The bold numbers on 

the left indicate the number of the input channels while the numbers on the 

bottom indicate the output channel. The dash means that the value could not 

be measured. The reason was a broken mirror, fiber or GRIN lens.  

 

 

Table 5.1: Measured optical losses of a 4x4 mirror matrix in dB. 

 

4 - 5.7 3.1 2.8 

3 - 5.1 9.0 16 

2 - 11 12 13 

1 - 15 - 12 

dB 1 2 3 4 
 

 

     The measured coupling losses were significantly higher than expected. 

However, the channel with the longest optical path yielded a loss of only 

2.8 dB, which is close to the optical loss of the collimating system itself.  

Some electromechanical cross talk was observed. The switching of a mirror 

influenced the neighbouring mirrors. This is not problematic if the 

neighbouring mirror moves only for a small vertical distance. However, if the 

mirror is rotated around its vertical axis by the actuation of neighbouring 

electrodes this will result in an additional coupling loss.  

     To avoid any influences of the actuation a 4x4 chip was prepared in order 

to have only a diagonal matrix of mirrors left. With this setup four non-

actuated channels could be measured with no voltage applied. The result is 

shown in table 5.2. A relatively constant loss of 2 to 3.6 dB was measured for 

similar coupling lengths. This means that a variation of the coupling losses in 

the order of 2 dB comes from the assembly and the quality of the optical 

surfaces.  

     Individual channels on other chips yielded a loss of only 1 dB, which is 

close to the theoretical limit of the optical system. The latter proves that the 

quality of the mirrors is excellent and the optimization of the chip 

performance should be focused on the actuation of the mirrors and the 

alignment of the micro-optical components. 
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Table 5.2: Measured optical losses of a 4x4 mirror matrix prepared in order 

to have only diagonal mirrors left. With this setup a set of non-actuated 

mirrors could be measured to study the influence of the electromechanical 

cross talk.  

 

4 2.7 - - - 

3 - 2 - - 

2 - - 3.6 - 

1 - - - 3.5 

dB 1 2 3 4 
 

 

5.3.3 Optical Characterisation of the 8x8 Optical Cross Connect 

 

     The larger area of the switch matrix and the supporting grid drastically 

decrease the mechanical stability of the chip and favour the 

electromechanical cross talk. The larger coupling lengths make it susceptible 

to angular misalignments of the GRIN lenses. The measurements of an 8x8 

mirror matrix are shown in table 5.3.    

 

 

Table 5.3: Measured optical losses of an 8x8 mirror matrix. Some channels 

yielded very high, other channels low losses. The distribution of losses less 

than 8 dB (highlighted) and the values over 20 dB indicate that the losses 

originated from a bad alignment of the assembled optical components.  

 

8 15.50 18.11 5.43 21.27 15.29 7.34 30.0 6.84 

7 26.70 22.47 15.80 30.01 28.00 32.00 55.5 23.18 

6 13.15 14.35 9.35 15.99 14.86 14.53 40.0 15.77 

5 5.98 8.87 5.28 10.54 9.11 5.53 40.0 8.12 

4 5.24 9.50 4.41 12.24 11.08 3.78 30.81 5.49 

3 7.18 8.05 4.71 10.51 9.52 3.22 26.29 21.00 

2 3.90 6.20 3.60 9.87 10.22 2.89 26.22 3.60 

1 4.70 6.50 3.60 8.90 10.80 3.76 35.70 2.78 

dB 1 2 3 4 5 6 7 8 
 

 

     At first glance a variety of different values ranging from 2 to 55 dB are 

visible. The interesting thing that can be seen in this measurement is that 
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some channels yielded very high losses while other channels yielded low 

losses. For example, input 7 and output 7 showed losses around 30 dB. 

Mirror 7_7 yielded 55 dB, which indicates that the loss originated from the 

alignment of the fibers or the GRIN lenses at input 7 and output 7. The 

elements of input 1, 2, 4, 5, 8 and output 1, 3, 6, 8 seem to be very well 

aligned since the mirrors switching these channels showed losses smaller 

than 6 dB. An outstanding performance showed mirror 8_8 with a coupling 

length of 4 mm. 6.84 dB is very close to the theoretical limit of the GRIN 

lenses.   

     Another measurement was done with a chip where the optical components 

were actively aligned. After the assembly of the chip the fiber ribbon cable 

was aligned in a way to get a constant optical performance over the whole 

matrix. The result is shown in table 5.4. After assembly, all the mirrors were 

functional. During the electromechanical testing some mirrors broke before 

being measured optically. Broken mirrors are indicated by a dash. 

 

 

Table 5.4: Measured optical losses with active alignment of the fiber ribbon. 

The losses are constant and lie roughly between 6 and 12 dB. 

 

 
 

     The optical losses lie roughly between 6 and 12 dB. It was surprising that 

the very low values around 2 dB were not present on that chip. This is 

probably due to the thickness of the reflective gold layer, which was too low. 

The equipment used for gold sputtering does not allow for an exact thickness 

measurement but it was possible to observe the transparency of the mirrors 

by monitoring the reflected optical signal by the mirror and output fiber 

behind the measured output channel. 

     A big problem that was encountered on most of the chips was the high 

variation of the actuation voltage. As previously mentioned, the first 

actuators switched at 150 V and the last ones switched at 340 V. In 

8 - 6.5 5.7 6.3 7.5 7.9 8.9 10.9 

7 4.5 6.5 7.9 8.8 9.6 10.4 9.8 13.5 

6 7.2 9.1 10.4 9.9 11.2 10.7 13.3 13.3 

5 6.5 8.0 8.6 9.3 10.1 10.0 12.4 12.0 

4 7.5 9.8 8.9 9.5 11.1 10.2 11.7 12.4 

3 9.7 10.7 10.3 10.2 11.2 11.1 - - 

2 12.7 13.9 14.1 12.8 12.6 13.4 - - 

1 10.1 11.1 12.0 - - - - - 

dB 1 2 3 4 5 6 7 8 
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combination with the electromechanical cross talk this invoked the problem 

that if mirrors with low and high actuation voltage are direct neighbours it 

was not possible to release the platform with the lower actuation voltage if 

the platform with high actuation voltage was actuated.   

     The optical cross talk, which is defined by the amount of light that is 

coupled into the outgoing fiber having the corresponding mirror in the non-

reflective state, was measured to be very low. Typical measurements on good 

channels showed cross talk of 60 to 80 dB.  

 

 

 

5.3.4 Power Consumption 

 

     As stated in chapter in chapter 3.3 most of the power that will be used to 

operate the OXC will be consumed by the load resistance of the high voltage 

MOSFET switches. A high load resistance is desirable, however, resistances 

larger than 100 MΩ are not usable if a switching speed of 1 ms is yielded.  

     During normal operation eight actuators are in the switching state, which 

means that eight MOSFET switches will be open drawing a current through 

eight load resistances in parallel.  

     A picture of the HV step-up converter circuit is shown in figure 5.13. The 

input power and output voltage for different input voltages were measured 

and are shown in table 5.5. The load resistance of 10 MΩ was represented by 

the voltmeter. The conversion efficiency of the circuit lies in the order of 

only 3%. A higher actuation voltage can be achieved with a higher input 

voltage at the cost of increased power consumption.   

 

 

Table 5.5: Output voltage at load resistance of 10 M�. A higher output 

voltage has the cost of increased power consumption. For a load resistance 

of 10 MΩ the conversion efficiency is in the order of 3%.  

 

Vin [V] Pin  [mW] Vout [V] Efficiency [%] 

5.2 330 329 V 3.28 

8.2 480 360 V 2.7 

12.0 596 380 V 2.42 
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     The measurements of output voltage and power consumption for eight 

load resistances (each measuring 10 MΩ and 100 MΩ) in parallel are given in 

table 5.6. The power consumption for the case where eight transistors were 

open is shown in the third column. In the case of load resistances of 10 MΩ 

the load was too high which resulted in a very unstable behaviour of the 

voltage converter. Only for the smallest input voltage of 5.2 V could a high 

voltage be generated. For eight load resistances of 100 MΩ in parallel a high 

voltage could be generated at similar power consumptions as shown in table 

5.5. 

     In a second experiment eight transistors were actuated at 100 Hz to 

measure the influence of actuation on the power consumption. For this case, 

all setups were able to provide a high output voltage. However, for the load 

resistance of eight times 10 MΩ in parallel a much smaller output voltage 

was measured, as for the case with only 10 MΩ load. If 100 MΩ resistances 

were used instead the HV source was able to deliver the desired voltage. The 

power consumption decreased in comparison to the case where eight 

transistors were open, which can be explained by the fact that when the 

transistors are actuated they are closed for 50% of the time and do not draw 

any current through the load resistors.  
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Figure 5.13: High voltage step-up converter and switching transistor block 

based on SMD electronics.  
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     The step-up circuit shows a very good performance with 100 MΩ load 

resistances. The only drawback of a high resistance is a smaller switching 

speed. The switching time of the circuit was measured to be 0.7 ms, which is 

sufficient to drive the OXC, where the switching time is 1.5 ms.  

 

 

Table 5.6: Output voltage at different load resistances for an 8x8 OXC in 

operation. Eight times 10 MΩ in parallel is a too high load causing an 

unstable behaviour of the step-up circuit. The power consumption is lower if 

the transistors are actuated, which can be explained by the fact that the 

transistors are closed during 50% of the time.  

 

 

 
 

5.3.5 Reliability 

 

     Single crystal silicon MEMS are known to be practically unsusceptible to 

fatigue. Therefore, the monolithic fabrication approach used to fabricate the 

actuator enables to fabricate very reliable devices. Additionally, the devices 

are never in mechanical contact, which minimizes the potential risk of failure. 

Measurements have shown that if the torsion beams have no failure due to the 

fabrication they do not break during the operation. The actuators of 8x8 

matrix were tested for over 9 million switching cycles at 350 volts. 

Load Vin 

 [V] 

Pin open @  

0 Hz 

[mW] 

Vout  

[V] 

Pin @ 

100 Hz 

[mW] 

Vout  

[V] 

8 x 10 MΩ // 5.2 370 264 276 157 

8 x 10 MΩ // 8.2 - - 395 178 

8 x 10 MΩ // 12.0 - - 376 198 

8 x 100 MΩ // 5.2 370 366 321 360 

8 x 100 MΩ // 8.2 481 420 455 395 

8 x 100 MΩ // 12.0 578 446 512 419 
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6  Conclusion 
 

 
     The aim of the project leading to this thesis was to create a compact 4x4 

and 8x8 optical cross connect for fiber communication. The pitch between 

the individual mirrors was set to 250 µm to be adapted to the pitch between 

neighbouring fibers in commercially available fiber ribbons.  

     The project can be separated into three sub-projects: The MEMS chip, 

which includes a substantial technology development for its fabrication, the 

development of the optical components and the assembly of the complete 

system.   

     The fabrication of the chips was complex, many fragile pieces had to be 

fabricated and assembled with very high accuracy, which currently results in 

a low fabrication yield. However, it was possible to assemble a number of 

prototypes and to prove the concept. An effort on the fabrication process will 

have to be done to be able to commercialize the chip in a niche market. This 

should be possible with the know-how and the technologies achieved during 

this project. The biggest yield killer on the fabrication side was the fragility 

of the silicon chips once they were released from the thick Pyrex dummy 

wafer. Here, a solution has to be found enabling to bond the thin wafer on 

which the OXC’s are fabricated to a silicon wafer. This silicon wafer could 

serve to fabricate the spacer between mirror matrix and electrode chip and 
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would provide the desired stability during the fabrication and assembly at the 

same time.  

     The fabrication of extremely fragile silicon devices can be achieved by 

consecutive thermal oxidation and HF vapour phase etching of the SiO2. The 

development of a vapour phase etching apparatus allowed the fabrication of 

torsion beams with length of 150 µm and a diameter of less than 0.5 µm. The 

potential of the technology is reflected by the large number of projects that 

now base the release of the microstructures on HF vapour phase etching.  

     Another inconvenience that was encountered during the testing of the 

chips was the inhomogeneity of the torsion beams and the resulting variation 

of the actuation voltage, which most likely originates from the mask 

tolerances. A better (and unfortunately more expensive) mask for the 

fabrication of the torsion beams will have to be used for the redesign. A small 

inhomogeneity of the torsion beams can be tolerated if the switching state of 

the mirrors is not affected by the electromechanical cross talk.  

     The electromechanical behaviour of the actuator was simulated by a 

coupled finite element method as well as by a combined method. For the 

combined method the capacity of a system was simulated by means of a finite 

element method (FEM) simulation of the electrostatic energy that is stored 

the system for the displacements the actuator it thought to move to. This 

simulation method is very insensitive to the FE model and the mesh that is 

used, which is not the case for the coupled FEM. The electrostatic force is 

proportional to the first derivate of the electrostatic energy and is then 

compared to the mechanical restoring forces of the actuator.  

     The electromechanical measurements of the actuator agree very well with 

the simulation results. For a torsion beam diameter of 0.8 µm the actuation 

voltage was about 300 V. 

     A big effort was made on the development of micro-optical GRIN-lenses 

that can be passively aligned to optical fibers and other micro-optical 

elements on a microchip. The cylindrical lenses have the same diameter as 

commercially available optical fibers (125 µm) and are placed into a U-

groove, which is etched during the same step as the reflective mirrors. This 

ensures a passive alignment of the microoptical components. The GRIN 

lenses are diced using a conventional wafer dicing machine and without the 

need of an expensive clean room environment. The surface roughness on the 

GRIN lenses is in the order of 1 µm. Optical measurements in index 

matching oil showed that a negative influence of the surface roughness is not 

measurable. A collimator setup based on GRIN lenses showed losses of only 

0.3 dB and coupling lengths of 2 mm with a loss lower than 2 dB could be 

achieved. Calculations show that a custom made fiber will achieve coupling 
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lengths of 8 mm at the same loss. The excellent measurement results make 

these GRIN lenses a promising candidate for other applications.  

     The characterisation of the complete system yielded encouraging results. 

The complex assembly caused that only a low number of switches could be 

tested. It could be proven that the most important source of optical loss lies in 

the misalignment of the optical fiber ribbons and the GRIN lenses, which is 

mostly caused by the fragility of the silicon chip. On the other side, some 

mirrors showed optical losses that were close to the theoretical loss of the 

collimator setup itself. Therefore, a process which allows to bond a silicon 

wafer to the thin wafer containing the mirror matrix will allow the fabrication 

of mirror arrays yielding a lower loss.  

     The largest operation frequency in index matching oil was 200 Hz. This 

value can be raised in the future to 500 Hz with an adapted electronic driving 

circuit having a smaller load resistance. Nine million switching cycles 

confirmed the known outstanding mechanical reliability of silicon 

microstructures.  

     The innovations presented in this thesis show a very good performance if 

they are characterized separately and all have a large potential to be 

integrated into other devices beyond this project. The synthesis of the 

individual parts to create the desired 8x8 optical cross connect succeeded 

partially but I am very confident that the high aims can be reached in the 

future.
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