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Summary 

Micromachined silicon structures for applications in fiber optic communication are 

subject of the present thesis. The precision requirements of single mode fibers are well 

matched to the structure size of micromechanics and the related high precision 

photolithographical techniques. 

A first family of devices studied in this thesis are developed for the alignment and 

attachment of fibers. Actually the possibility of a self aligned assembly of fibers is an 

essential condition for large scale production of photonic devices. Normal to the chip 

surface a wet anisotropic etched backside hole can align a fiber within +/- 5 u.m with 

respect to topside structures. For the surface parallel alignment we have developed a 

new groove type based on reactive plasma etching instead of the conventional wet 

anisotropic etching. They allow for an alignment at the precision of the fiber. Processing 

variations are cancelled out by integrated clamping springs. 

A second area of interest are reflective modulators for data communication. Based on 

silicon micromechanics various principles can be used to modulate the light coupling 

into a fiber: shutters, torsional mirrors and modulators based on interference. Because 

they promise the highest speed we focused our work on interference light modulators. A 

maximum modulation rate over 2 MBit/s, with an extinction ration of 10 dB could be 

achieved. Typical operation voltages are a +/- 5 V modulation signal superimposed on 

a 80 V bias. 

Optical fiber switches are the third area of interest of the present thesis. We have 

invented and patented a micromechanical 2x2 optical switch. The development resulted 

in a switch with following characteristics: Typical losses with single mode fibers at a 

wavelength of 1.3 u.m are below 1 dB (21 %) in the bar state and below 2.5 dB (45 %) in 

the cross state. The switching speed is 0.2 ms which is 50 times faster than a 

conventional mechanical switch. 

In view of their long term operation we investigated into the reliability and long term 

stability of the reflective modulator and the fiber optic switch. It was found that an 

operation over millions of cycles doesn't lead to any noticeable change as long as the 

air humidity is low. A high air humidity in combination with a high electric field leads to 

corrosion fatigue and rupture of the mechanical suspensions. 
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Chapter One 

Introduction 

1.1. Micromachining 

In the last decade research ¡n micromachining technology experienced considerable 

growth. Many industrial countries have launched important research programs in this 

area1. Although the term "machining" is somewhat related to mechanical 

engineering, these programs include topics from many different engineering 

disciplines2: sensors for chemical and physical signals, pumps, motors, electronics, 

optical devices such as modulators and switches. 

Such a large range of devices is united by a common fabrication technology. Instead 

of conventional machine turning or milling, the driving idea in micromachining is the 

use of photolithography and subsequent etching and deposition steps. A typical 

sequence is schematically shown in Figure 1.1. In this example two thin films of 

silicon dioxide and polysilicon were deposited on a silicon substrate. Their thickness 

is typically within the range of one micron. To structure these layers, a 

photosensitive resin is deposited. Using a mask, i.e. a glass plate with the desired 

pattern drawn on it, the areas where the polysilicon is to be removed are exposed to 

ultraviolet light. In the exposed areas the resin is dissolved in a developer. In a 

subsequent etching step the polysilicon is structured in an etching bath. The 

polysilicon is only removed in the areas that are not protected by the photoresist. As 

a particular feature these processing steps are not carried out on one device only 
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but on a whole wafer which can hold hundreds or even thousands of identical 

structures. Therefore this batch processing technology is of particular interest for 

high volume production. It has to be noted that the fabrication needs a considerable 

infrastructure, which cannot be afforded if only a small numbers of wafers are 

processed. 

Figure 1.1: Schematic process of photolithography, which is the basic 

fabrication step in micromachining. a) silicon substrate with 

silicon dioxide and polysilicon thin film, b) Deposition of 

photosensitive resin and exposure, c) Development of resin, d) 

etching and stripping of resin. 
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This technology has determined the tremendous success of the integrated circuit 

industry and many believe that the same approach will lead to an enormous rise in 

the sensor, optics and actuator industry. In fact silicon based sensors for pressure 

and acceleration are already well introduced into the market. Because these sensors 

are produced in large quantities with relative ease they can now be found in high 

volume applications like consumer electronics for altimeters for example and 

automotive for airbags. But unlike the integrated circuit (IC) industry, where the 

same sequence of processing steps is applied to fabricate various electronic 

circuits, micrornachining technology is application specific. For fluidic components 

other processing steps are applied than for accelerometers. 

In addition to the processing technology adapted from the IC industry many new 

fabrication technologies are currently developed in micrornachining. Bulk3 and 

surface'' micrornachining are the two approaches best known. On the wafer level 

technologies like wafer bonding5,6 thick film photolithography7, electroplating8, deep 

reactive ion etching9 are applied to build more complex devices. In order to form 

microsystems, conventionally machined parts and micromachined devices are 

assembled into a common package often together with electronic circuits. 

Packaging can't be done on wafer scale anymore but individual chips and parts have 

to be joined. Most common integration technologies are gluing10, soldering and flip-

chip bonding11. The packaging technology is even more application dependent than 

micrornachining. It has to establish not only an electrical connection to the 

"macroworld", but depending an the application also a fluidic, a mechanical, an 

optical or chemicalone. A low cost sensor/actuator chip can become a high cost 

sensor/actuator system in an appropriate package. Together with the calibration and 

the testing the packaging is often the most expensive part of the fabrication. All 

these technologies from micrornachining to the final packaging are generally 

designed with MEMS technologies, which stands for Micro-Electro-Mechanical-

Systems. 

1.2. Optical Micro-Electro-MechanicahSystems (Optical MEMS) 

In the past years the MEMS field has developed into different application specific 

specialities. One of these topics are optical MEMS12. Unlike other actuators such as 

motors and pumps, optical devices are well suited for miniaturisation. First no power 
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output is needed for modulation or redirection of light. Therefore the performance, 

i.e. for example the speed, of an optical component increases with miniaturisation, 

whereas the output torque of a motor decreases13. A further advantage is that the 

beam diameter, especially of guided optics, matches well with the scale of 

micromechanics. And finally the connection to the outside word doesn't disturb the 

actuator function. I.e. a light beam doesn't alter the mechanical behaviour of a 

system. 

In the past 20 years a large research effort has been directed towards the 

micromachining technology and the more and more also for optical applications. 

Very early, already at the end of the 60'ies, micromechanical light modulators14,15 

were fabricated using the silicon micromachining technology. Since then a wide 

range of micro-opto-mechanical components fabricated by micromachining have 

been developed. 

In silicon light generation is not yet practical. Therefore only passive devices can be 

fabricated by silicon micromachining. These devices can modify optical signals by 

mechanical movements. A wide variety of such passive optical devices based on 

conventional mechanics exits: active filters, spectrometers, modulators, switches, 

scanners, choppers, shutters and dynamic focusing mirrors. For most of these 

microfabricated demonstrators were presented in literature. Below we will give a 

short overview of this previous work on optical MEMS. 

One particular family of devices uses the Fabry-Perot principle to build wavelength 

filters for spectroscopic16 or WDM {wavelength division multiplexing) applications17. 

Because of their planar structure Fabry-Perot cavities are well suited for 

microfabrication. Fabry-Perot filters were also integrated on lasers and photodiodes 

to build wavelength tuneable lasers18,19 and wavelength tuneable photodiodes20,21. 

To tune rib emitting laser diodes the mirror can't be integrated in a planar 

technology, because it has to be surface normal. Uent'shi et al. used an external 

vertical micromirror which can be moved laterally22,23. Here the Fabry-Perot cavity is 

formed between the laser end face and the external mirror, which was fabricated by 

electroplating into a thick photoresist mold. 

Another family of devices comprises light modulators for intensity modulation or 

spatial modulation of light. Using various fabrication techniques, torsion 

mirrors24,25,26 and shutters24 were demonstrated for incoherent light, whereas the 
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Fabry-Perot principle27,28 and mechanical active diffractive gratings29 were proposed 

for coherent light modulation. 

Micromachining allows to fabricate a large amount of modulators in parallel. This is 

exploited to build matrixes of modulators for display applications30,31. A schematic 

view of the most advanced micromirror development is shown in Figure 1.2. 

Figure 1.2: The Digital-Micromirror-Display (DMD) from Texas 

Instruments is based on a torsional aluminium mirror. 

Scanners are another application of micromachined torsion mirrors. There are two 

basic types of scanners: either galvanometric32 with a steady state deflection or 

resonant33 with dynamic scanning. Potential applications of micromechanical 

scanners were proposed in laser printers, in bar code readers34 or in fiber optic 

switches35. 

For spectroscopic applications a tuneable infrared filter was fabricated using the 

LIGA technique36,37. The filter is based on a mechanically deformable grating 

structure. Kwa et al. have integrated a fixed grating with a photodiode array to build 

a spectrometer for the visible wavelength range38. 

Silicon mircomachining has also been successfully applied to fabricate adaptive 

optical components. Vodin et al. have fabricated a flexible, focusing mirror39. The 

focal length of the mirror can be adapted with electrostatic actuation. Similar devices 

were proposed in Reference40,41. 
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Above devices demonstrated the possibilities of the MEMS approach, but only a few 

devices were developed further towards commercialisation. A major concern when 

facing a potential commercialisation is the insufficient performance of the device and 

the impossibility to sell in numbers high enough to make the MEMS fabrication 

process affordable. Prototyping and small scale production still is very expensive in 

the MEMS field. For the high volume market of projection display only recently two 

companies have announced prototype projection displays based on 

micromechanical spatial light modulators42,43. 

Using MEMS technology the U.S. company Texas Instruments has build DMD 

(Digital-Micromirror-Device) for displaying video images. The heart of the DMD is a 

chip which has on its surface thousands of square, movable aluminium mirrors only 

a fraction of hair-width in size. The electronic circuit in the chip allows each mirror to 

be tilted individually permiting or impeding the reflection of light onto a larger screen. 

Figure 1.2 shows a schematic drawing of an individual mirror which can be actuated 

by electrostatic forces. Figure 1.3 shows a cross-section in the SEM (Scanning-

Electron-Microscope) of the 16 (.im wide aluminium mirror. The torsion hinges are on 

the lower side of the mirror44. 

Figure 1.3: SEM cross-section of Tl's micromirror and its suspension. 

Silicon Light Machines in Sunnyvale, California is the second company developing a 

projection display based on a MEMS chip. Just as Tl's DMD micromirror their 

system is also based on reflective MEMS, which they call the GLV (grating light 
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valve). Instead of redirecting light by a torsion mirror it uses diffraction to either 

reflect or diffract light45. To create a GLV device tiny picture elements, or pixels, are 

formed on the surface of a silicon chip. Each of these pixels is made up of multiple 

ribbon-like structures, which can be moved up or down over a very small distance 

(only a fraction of the wavelength of light) by controlling electrostatic forces. The 

ribbons are arranged in such a way that each pixel is capable of either reflecting or 

diffracting light. When appropriately addressed by control signals an array of pixels 

may thus form a pattern of light and dark points on the surface of the chip. An image 

is created by collecting the reflected or diffracted light with an appropriate lens 

system, either to be projected onto a front- or rear-screen system, or to be viewed 

directly by the eye. The GLV device is reflective, and therefore it can be highly 

efficient in its use of light. 

1.3. Outline of the Thesis 

The purpose of the present thesis is to explore MEMS devices for fiber optic 

communication applications. Our work focused on micromachined actuators for two 

distinct applications: The first is a reflective modulator for low cost communication 

links and the second is a fiber optic 2x2 switch for network reconfiguration and 

security by-passing of defect network nodes. 

When I started work on the thesis in spring 1994 a considerable experience with 

micromechanical light modulators has already been gained at the IMT. Using the 

well established polysilicon surface micromachining technique46 micro shutters, 

pivoting micromirrors and interference light modulators47 were developed in the IMT 

laboratory. It was natural to continue in this field and orient the work already 

accomplished towards more specific applications with a commercial interest. In 

order to do this an industry partner with clear development goals is essential. I 

received this input from Ascom Tech AG, Bern, which also supported financially 

large parts of the project. 

To exploit the advantage of the micromachining technology part of the packaging 

should already be included in the microfabricated chip. Especially in view of a 

commercial application, it is essential to have alignment structures for the fibers 

already integrated on the chip to suppress cumbersome optical alignment. In 

chapter 2 some concepts and requirements are discussed for a passive alignment of 
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fibers with the hetp of micromachined structures. These concepts will find 

application in the reflective modulator and fiber optic switch. 

Chapter 3 reports in a detailed manner on the design aspects of the reflective 

modulator, its fabrication by polysilicon surface micromachining and its 

characterisation. 

Chapter 4 deals with the development of a 2x2 switch for single mode fibers. The 

switch is inspired by the surface micromachining approach but its fabrication is 

based on the new possibilities of deep reactive ion etching. Chapter 4 reports on 

several aspects of the switch development: its- design, fabrication and 

characterisation. 

In view of the commercialisation of micromechanical components the long term 

stability and reliability issue has to be addressed. There is still little work available in 

literature on the long term behaviour of micromachined actuators; this is natural as 

there are practically no micromachined actuators on the market. To partly fill this 

gap chapter 5 is dedicated to the reliability analysis of the reflective modulator and 

the fiber optic switch. 

In the chapter 6 conclusions are drawn and possible further developments are 

discussed. 
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Chapter Two 

Passive Alignment of Fibers 

2.1. Introduction 

Packaging has become a key issue in evaluating the manufacturability and reliability 

of fiber optical devices. A significant part of the packaging problem is due to the 

stringent alignment tolerances required for coupling between photonic devices and 

optical fibers. Nevertheless every practical device should meet this alignment 

tolerances by passive alignment of the fiber. Active alignment is too time and money 

consuming for production. Silicon micromachined fiber alignment grooves have 

traditionally facilitated the attachment of fibers to photonic devices1,2. By preferential 

crystallographic wet etching3 very precise V-shaped grooves can be formed in 

<100> silicon to be used as alignment means. The accuracy of fibre alignment 

depends on the constancy of the groove dimensions {0.2 urn to 1 urn) and of the 

fiber geometry i.e. its diameter and core concentricity. With V-grooves reproducible 

alignment within a micrometer can be achieved. 

To date, most applications have required the alignment of only one single mode 

fiber. However with the advent of integrated optical devices and parallel 

receiver/transmitter systems the need to align linear arrays of fibers has arisen. 

Chips with V-groove arrays were utilised to connect ribbons of up to 12 fibers with 

excess losses approaching the theoretical minimum4. The method of positioning 

fibers in silicon-V-grooves can also be used for aligning of fiber arrays to LEDs5, for 
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photodiode arrays5, laser arrays and for coupling of fibers Io integrated optical 

waveguide devices7. In these devices the polished fiber array, which forms a 

separate chip, has to be actively aligned with the waveguides by recording the 

coupling loss. In this popular "butt coupling" technique8 the fiber array is fixed by 

epoxy, UV-curing adhesive or by laser welding. However this alignment (3 to 6 

degrees of freedom within +/- 10 urn for multimode and +/- 1 urn for singlemode 

fibers) is time consuming and cumbersome. A lot of research is going on to replace 

the active alignment of the silicon chip by passive means. Completely passive 

alignment is for example based on the mechanical positioning of the fibers in V-

grooves on the one hand and on photolithgraphically defined mechanical reference 

structures on the device on the other hand. The V-groove chip is then passively 

aligned on the device chip by the integrated mechanical reference. Another method 

uses the self-aligning property of soldering in flip-chip bonding for a self-aligned 

hybrid assembly of chips9. Such systems are referred as silicon optical benches on 

a chip or as silicon optical motherboards10,11,12. In these devices the silicon chip is 

used as a base plate for the photonic devices and fibers assembled on it. 

2.2. Coupling Light between Single Mode Fibers 

To illustrate the stringent alignment tolerances in single mode optical devices, the 

coupling efficiency between two single mode fibers versus radial, angular and 

longitudinal misalignment will be calculated below. This configuration is current in 

fiber optic components: In a reflective modulator light from the input fiber has to be 

coupled back into the same fiber. Whereas for a fiber optic switch light from an input 

fiber has to be coupled into either one of two output fibers. Both configurations can 

be discribed using the same coupling theory. Actually if the use of refocalizing 

components or of fibers with lensed ends is avoided the coupling effeciency only 

depends on the separation between the fiber cores and the quality of the fiber end 

surface. It can be shown, that the fundamental modal field of single mode fibers is 

Gaussian to a good approximation13. Coupling loss calculations can therefore be 

reduced to evaluating the coupling between misaligned Gaussian beams. A general 

equation has been derived to calculate the coupling loss between identical single 

mode fibers with longitudinal, transverse and angular misalignment1'1. This equation 
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is particularly useful since it depends only on the mode field radius w of the fibers. 

The coupling loss Tin dB is: 

r ^ i o J - i ^ i c x p i - ^ i } (2.1) 

where 

P = (V) 2 / 2 

u= F1 +2FG(sinÖf}+JG- + : j W B1 

kp = 2KH0/X 

nœ and n0 are the index of refraction values of the fiber core and the gap 

between the fiber ends, respectively, w is the mode field radius (radius at which the 

near field power falls to 1/e2 of its maximum value) of the transmitting and receiving 

fibers, respectively. À is the wavelength of light used, and r0l zo and 6, are the 

transverse, longitudinal, and angular (tilt) misalignment, respectively, as shown in 

Figure 2.1. 

Figure 2.1: Diagram to define transverse offset r0, longitudinal offset Z0 

and angular misalignment 6t, for a single mode fiber splice. 

The first term of equation (1.1) expresses the loss due to the Fresnel reflection at 

the interface of the fiber core and the gap between the fiber ends. This reflection 

gives rise to a backreflection into the transmitting fiber. This backreflection can vary 

with wavelength and temperature due to interference effects. This unwanted 

reflection can be eliminated with an Anti-Reflective coating, or by filling the gap with 
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an index matching oil, or finally with fiber ends polished at an angle, so that the 

reflected light is not guided in the core anymore but transmitted into the cladding. 

The second half of the equation {2.1 ) expresses the loss due to beam broadening 

and to the angular and transverse misalignment. Typical single mode fibers at 1.3 

urn have mode field radii w between 2.5 and 5.1 urn depending on the index step 

parameters and core diameters15. 

° r : : ! ! 1 O1 . . . . . 1 

Transverse Misalignment - rO [micron] Angular Misalignment - tut [deg] 

Figure 2.2: coupling loss between two misaligned fibers in air. a) 

lateral offset, b) angle offset. 

0 60 100 150 200 
Longitudinal Misalignment • zO [micron] 

Figure 2.3: coupling loss between two fibers separated by air. 

Figures 2.2 and 2.3 give numerical simulations of the coupling loss between typical 

single mode fibers for a wavelength at 1.3 |im. At zero offset the loss is already 

0.3 dB (7%), which corresponds to the Fresnel reflections at the fiber-air interface. It 

can be seen that a transversal misalignment ro determines a very sharp increase of 
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the coupling loss. A radial alignment error of 3 urn leads already to a loss of 2 dB 

(37%). The second graphic of Figure 2.2 shows the coupling loss as a function of 

the angle error. As for the transverse offset the angular error 6 should be kept low; a 

tilt of 3 degrees already results in a loss of 2 dB {37 %). Only the longitudinal offset 

¡s less sensitive. Here at a separation of 50 urn the coupling loss is still as low as 

1 dB (20 %). 

2.3. Surface Normal Passive Alignment 

The simplest way for aligning a fiber normal to the wafer surface is to use a 

backside hole defined by preferential crystal log rap hie wet etching as shown in 

Figure 2.4 a). The 54.7° sidewalls of the square hole allow to centre the fiber. The 

alignment tolerance of the photolithography between the bottom and front surface of 

a wafer is ± 5 um. Compared to this the concentricity error of the fiber core, which is 

± 0.5 urn, is small. This method is not precise enough to align waveguides or lasers, 

but the precision is adequate for devices with relaxed positioning tolerances such as 

micromechanics or photodiodes. Although a simple KOH hole can align a fiber with 

a precision sufficient for many applications, the fiber has to be attached onto an 

additional holder to keep it in position under bending moments. Thus the attachment 

and a coarse positioning for the fibers has to be done in the package structure of the 

component and only the fine alignment of the fiber can be done by the KOH hole. 

a) b) c) 

Figure 2.4: Surface normal alignment of fibers, a) alignment with KOH 

hole and AR coating for light transmission, b) alignment with 

KOH hole and through hole for light transmission, c) alignment 

with deep reactive ion etched circular hole. 
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In order to suppress the backreflection at the fiber-silicon interface the silicon 

substrate has to be anti-reflective coated. If the working wavelength is shorter than 

1100 nm the light is absorbed in the bulk silicon and the hole has to be etched 

through the wafer. One possibility to completely open the hole is to continue the wet 

anisotropic etching until the topside insulation layers are reached. It has been 

demonstrated by V. Kim et al. that such membranes are still strong enough to hold 

micromechanical structures such as a Fabry-Perot Cavity16. If no micromechanical 

structures have to interfere with the light beam the trough hole can also be opened 

from the top side by reactive ion etching as shown in Figure 2.4 b). 

Figure 2.5: Hole for surface normal alignment and attachment of 

single mode fiber. 

Such a reactive ion etched hole can also be used as a passive alignment for fibers 

as shown in Figure 2.4 c) and Figure 2.5. If the hole is sufficiently deep it is sufficient 

not only to align the fiber but to keep the position under bending moments, which 

allows to additionally simplify the packaging. The alignment hole is plasma etched 

from the top side and can be aligned within ± 2 ^m with the other topside structures 

such as contact lines, solder bumps etc. These allow for a hybrid integration of IM-V 

components such as photodiodes or vertical cavity surface emitting lasers (VCSELs) 

by using flip-chip bonding techniques. An overall precision better than ± 3 ^m should 
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be possible. Figure 2.5 shows a practical realisation of such a through hole, which is 

combined with a wet etched entrance for an easy insertion of the fiber. 

2.4. Surface Parallel Passive Alignment 

Integrated waveguides devices and edge emitting lasers need a surface parallel 

alignment of the fiber. This is usually achieved by wet crystallographic etched 

V-grooves. Figure 2.6 a) shows a cross section of a fiber in a V-groove and defines 

the parameters which are necessary to describe the positioning of the fiber in the 

truncated v groove. 

d - b) 

Figure 2.6: Surface parallel alignment of fibers in grooves, a) in a v-

groove. b) in a rectanguar groove with clamping spring. 

The fiber has a diameter d. The groove parameters are W, the width of the groove at 

the top surface and d the crystallographically defined angle (54.7°). The fiber is 

placed in the groove in such a way that it contacts the side walls at two points. We 

find, that the fiber position is given by 

ii> + V2A = J^-d 2.2) 

where A is the distance from the silicon surface to the centre of the fiber core. Thus 

if the fiber diameter is known and if the depth of the waveguide mode below the 

crystal reference surface is known, then equation (2.2) can be used to calculate the 

required groove width LV. For example to completely dig the fiber in the v-groove, i.e. 

for A = 62.5 (im, a width W = 241.5 \\m is necessary. On the other hand if the centre 

of the fiber should be at the substrate surface, i.e. forzi = 0 |iim, a width W= 153 ¿im 

is necessary. 
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Above equation can also be used to predict the alignment tolerance of several 

important parameters. A potential source of misalignment lies in the control of the 

fiber diameter. From (2.2) we have: 

So for d = 125 ^m and a 1 percent diameter change we have a change of 

A = 1.1 (im and a corresponding excess loss of 0.3 dB. Another potential source of 

error is silicon groove width variation. Again from (2.2) we have: 

If the etching mask is well aligned with the <110> crystal directions, the groove 

widths can be controlled down to ± 1 urn Thus we expect to see offsets < 0.7 urn 

with corresponding excess losses of 0.1 dB. To align the etching mask within 0.1° 

with respect to the crystal directions, an alignment to the wafer flat is not sufficient, 

because the flat is only specified within +/- 1°. Therefore a first etching with special 

measurement patterns has to be done to determine the <110> crystal directions17. 

Figure 2.7: plasma etched rectangular groove for surface parallel fiber 

alignment 



2.4 Surface Parallel Alignment 21 

A second way to align fibers parallel to the chip surface is to use rectangular 

grooves as schematically shown in Figure 2.6 b). Such grooves may be fabricated 

by deep reactive ion etching of silicon, or other LIGA {Lithographie Galvanik 

Abformung) like technologies. The fibers are clamped to a vertical reference plan by 

spring structures and the alignment errors are basically reduced to the eccentricity 

of the fiber cores and of fiber diameter variations. For standard fibers the 

concentricity is within 1 jam and a fiber diameter is controlled within +/-1 jim. If all 

errors accumulate a radial offset of 3 u.m is possible which would result in a loss of 1 

- 2 dB. Figure 2.7 shows an example of such a groove realized on Silicon-on-

lnsulator wafers (SOI). 

2.5. Conclusions 

In view of large scale production of photonic devices a passive alignment of the fiber 

is essential. Only with a passive alignment the assembling time can be kept short, 

which besides cost and reliability is an important factor for a high volume production. 

To illustrate the stringent alignment tolerances we have calculated the coupling 

efficiency versus radial, transverse and angular misalignment between two typical 

single mode fibers. Radial and angular offset have to be very well controlled. A 

radial alignment error of 2 u.m or a an angular error of 2° result in a loss of already 1 

dB (20 %). On the other hand the longitudinal offset is not so critical, here the loss 

stays below 1 dB for an offset as high as 50 urn. 

We have discussed micromachined silicon structures that allow a passive alignment 

of the fibers. For a surface normal positioning the sidewalls of a wet anisotropic 

etched backside hole can already act as a fiber alignment within ± 5 urn relative to 

the top surface structures. The major source of alignment error is the double side 

photolithography alignment. 

For surface parallel alignment the most widespread approach is to use wet 

anisotropic etched V-grooves. For a precise groove width control it is necessary to 

align the groove with the <110> crystal orientations with a better precision than just 

the wafer flat. A second more compact alignment structure is based on plasma 

etched rectangular grooves. Integrated springs allow to clamp the fiber to a 

reference plan and to suppress the influence of the groove dimension on the 

alignment precision. 
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Chapter Three 

Reflective Modulator 

3.1. Introduction 

3.1.1. Reflective Modulation 

It ¡s generally expected, that the fibre optics, which already form the backbone of 

most telecommunication networks, will extend throughout the network to the 

subscriber location or even to the individual household. Crucial for a rapid and large 

scale expansion of such a fiber-to-the-home (FTTH) network is the price of the 

optical line termination1,28. An alternative to the active transceiver comprising a light 

emitting device such as a laser diode or a LED is the reflecting duplexer, where part 

of the incoming fight is used to send back information. In a network architecture 

using a reflective modulator the number of components can be reduced to a 

minimum: a single fiber and only one laser are needed to achieve bi-directional data 

transmission between two locations. To send data from the service provider to the 

subscriber location, the laser diode is directly modulated and a photo-detector at the 

subscriber location receives the intensity modulated signal. To send data from the 

subscriber location to the service provider the incident light is modulated by the 

reflective modulator and returned into the fiber, schematically shown in Figure 3.1. 

At moderate bit rates reflective modulation devices consume considerably less 

electrical power than active light sources such as diodes or LEDs. Hence a reflective 
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transceiver on the customer premises leads to a reduced power consumption and 

lowers the costs for emergency power supplies, which also results in an increased 

reliability. 

Service Provider Subscriber 

Lase* Diode 

¥ 1C* I ^ 

Photodiode 
* ^ 

"""NCoupter 

I / " " 

10-20 km SM Fiber 

— • 

Reflective 
Modulator 

•» ^•1 

Photodiode 

Figure 3.1: Point-to-point communication using reflective modulation. 

A further advantage of using reflective modulation is the inherent maintenance of 

wavelength coherence of modulators. In a wavelength division multiplexed (WDM) 

network configuration every subscriber end is delivered with a distinct wavelength. If 

information has to be sent back from the subscriber location through the same fiber 

this information has to be carried by the same wavelength as the incident one. This 

wavelength coherence is readily obtained when a reflective modulator is used, 

whereas it is difficult to achieve if a light source has to be locked on the incident 

wavelength. 

Several research groups have actively studied and demonstrated fiber-optic 

communication links based on reflective modulation2,3,4. During these investigations, 

it became clear that existing device technologies, based on waveguide technologies 

on LiNbO3
5 or Ml-V substrates6 for reflective modulators suffer from two drawbacks. 

First, in comparison with active light sources, commercially available components 

are not competitively priced at the present time. This is mainly due to high 

processing and packaging costs. Furthermore many devices suffer from 

polarisation-dependent operating characteristics and comparatively high optical 

losses, factors which have a negative impact on the possible link length. The 

existing device types for reflective modulators are based on electro-optic 

phenomena. In principle these effects provide extremely high modulation bandwidths 

up to tens of Gbit/s7. 
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Figure 3.2: A reflective intensity modulator based on integrated waveguides 

on a lithium niobate or a Ml-V substrate using a Mach-Zehnder Interferometer8. 

However, in most practical cases high capacity is only necessary in the 

'downstream' direction from the service provider to the subscriber, whereas only 

limited bandwidth needs to be transmitted in the opposite upstream direction. 

Modulation rates up to several Mbit/s can be achieved with micro-mechanical 

modulators. Based on silicon micromachanics9 such modulators have the potential 

of low fabrication costs and can be produced in large quantities. 

Figure 3.3: Reflective modulation using micromechanical principles. 

3.1.2. Micromechanical Light Modulators 

Research on micromechanical light modulators goes back to the late 1960-ies10,11. 

These early micromachined modulators were of the phase shifting or scanning 

mirror type. Since then a wide range of micro-opto-mechanical components 

fabricated by micromachining have been developed12,13,14. Many of these could be 
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used as reflective modulators for single mode fibers as schematically shown in 

Figure 3.3. 

One possibility to modulate light mechanically is to use a shutter. In the microshutter 

configuration a mirror can be moved in and out of the optical path. If the shutter is 

out of the optical path the light beam is transmitted through the anti-reflection coated 

silicon wafer. In the on-state the shutter is placed in the optical path and the light 

beam is reflected back into the fiber. Realisations of such shutters are demonstrated 

in Ref.15, and an example realized by Jaecklin et al.16 is shown in Figure 3.4. The 

maximum operation frequency of such devices is quite low, only up to 30 kHz are 

reported. This reduced speed is a trade off between the actuation voltage and the 

maximum shutter displacement amplitude, which must be over 10 urn for a single 

mode fiber application. 

a) b) 

Figure 3.4: Micromechanical light modulators: a) A comb driven micro-shutter. 

b) A torsional micromirror15. 

In a torsional micromirror the necessary motion to modulate light is much smaller 

due to the fact that the light coupling into a single mode fiber drops drastically if the 

incident light beam forms an angle with the fiber core direction. A rotation amplitude 

of ± 1.5 can result already in a modulation amplitude of 10 dB (see Figure 2.2 in 

Chapter 2). For torsional micromirrors maximum operation speeds over 500 kHz are 

reported15,17. Although their speed is limited, an important characteristic of the 

shutter and mirror modulators is their wavelength insensitivity. The last two designs 

of Figure 3.3 are based on interference effects and are thus inherently wavelength 

sensitive. 



3.11ntroduction 27 

in the third design a micromechanical diffractive element with a changeable phase 

step is used to redirect light15,20. A displacement of only ÌJ4 is necessary for 

modulation. An inconvenient of this approach is the tight positioning tolerance for the 

fiber, i.e. the fiber must be aligned above the small gap between the mirrors. 

Finally the last configuration is based on a microfabricated Fabry-Perot modulator 

consisting of two semitransparent mirrors, arranged one over the other seperated by 

an air gap. Displacement of one of the two mirrors changes the interference 

properties, which results in a light modulation. Important advantages of this solution 

compared with the three other micromechanical principles is the high speed over 1 

MHz. In addition the design offers a relaxed fiber positioning tolerance, the ease of 

integration in a planar surface micromachining technology and the possibility to 

collect part of the light on the other side of the wafer for the down stream data 

detection. Because this approach promises the highest speed we didn't investigate 

further the above alternative solutions but concentrated our work on the Fabry-Perot 

device. The response of a Fabry-Perot is inherently sensitive to the operation 

wavelength, therefore the design has to be optimised for the operation wavelength 

range. In our case we have focused on the first telecom window at wavelengths 

around 1.31 ¿im. 

3.1.3. Fabry-Perot Modulator 

The operation principle of the Fabry-Perot modulator, shown in a schematic view in 

Figure 3.5, is as follows: One of the mirrors is fixed whereas the other one can be 

displaced. Part of the incident light is reflected from the first mirror. The remainder of 

the optical wave reaches the second mirror, where a second reflection occurs. Part 

of this wave will reach the incident light and will build constructive or destructive 

interference. The sum of these and all subsequent reflections depends on the 

distance separating the two mirrors. 

For two mirrors with an identical reflectivity it turns out that the reflected waves 

exactly neutralise one another if the airgap is an integer multiple of half the optical 

wavelength. Whenever this condition is fulfilled the mirror arrangement becomes 

fully transparent. Thus a small movement of the mirror can modulate the device 

reflection between nearly 0 % and 90 %. 
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These kind of modulators are actuated by electrostatic forces. Several different 

mirror materials have been described. For the movable mirror there have been used: 

a silicon nitride membrane19,20,21 a silicon nitride - polysilicon multilayer22 and a 

silicon-on-insulator (SOl) - silicon nitride bilayer23. The fixed mirror is formed by the 

silicon substrate19,20,23 or by a thin polysilicon22 layer on an anti-reflection coated 

wafer. 

Transmitted Intensity 
polysilicon mirror 2 

polysilicon mirror 1 

Incident Intensity Reflected Intensity 

Figure 3.5: Fabry-Perot cavity consisting of mirrors having high reflectance 

and low absorption. 

In order to use the well established polysilicon surface micromachining technique we 

have worked with a design where both mirrors of the Fabry-Perot cavity consist of 

polysilicon layers24,25 having a reflectivity of about 70 % each. For operating 

wavelengths above 1.1 urn polysilicon is transparent. Due to the high refractive 

index of polysilicon our Fabry-Perot modulator has the potential of achieving higher 

finesse and reflectivity compared to the silicon nitride devices. 

Figure 3.6 shows the configuration of a micromechanical reflective modulator. On 

the topside of the chip a first polysilicon thin film serves as the fixed mirror, 

Fabricated by surface micromachining the second free standing polysilicon layer can 

be deformed by electrostatic forces and acts as the second mirror of the Fabry-

Perot. The deformation results in a change of the optical path between the mirrors 

which leads to a reflectivity modulation. 
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silicon substrate 
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Figure 3.6: Cross section of the Fabry-Perot modulator, where the fixed mirror 

is formed by the polysilicon 1 layer and the movable mirror by the polysilicon 

2 layer. The single mode fiber is placed into an etched hole for simplified 

packaging and reduced insertion loss. 

A single mode fiber is placed into an etched hole in the chip backside. This hole is 

necessary to reduce the distance between the fiber end and the modulator thus 

limiting the loss of light. The beam divergence is further reduced due to the high 

refractive index of silicon. In addition illuminating the mirror from the backside has 

the advantage of a simplified packaging. The fiber end is simply placed into the 

backside hole, the sidewalls of this can act as a passive alignment. A draw back of 

the back-illumination is that the hole surface has to be a nit-reflection coated, 

because the reflection at the fiber-silicon interface can act as an parasitic Fabry-

Perot cavity with the topside modulator. 

In the next paragraphs of this chapter we will report on the modelling, fabrication and 

characterisation of a reflective modulator based on the Fabry-Perot principle. The 

potential application of such a device lies in communications. The specifications are 

defined in consequence: The operational wavelength range should be from X=1275 

nm to ?,=1350 nm, thus in the first telecom window. The development will focus on 

two distinct devices, one with the highest possible speed and one with a low 

operation voltage. 
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3.2. Numerical Modelling of Electrostatic Fabry Perot 

Modulator 

In this paragraph the used approach for the design of the reflective modulator is 

presented. First the basic theory of thin film optical filters will be resumed. Applying 

the theory will allow to refine our optical design and to predict the effects of layer 

thickness mismatch and the effect of a change in the operation wavelength. 

The mechanical modelling is subdivided into a static and a dynamic part. First the 

electromechanical behaviour of the electrostatic driven membrane is simulated. 

Than the limitation of the maximum modulation rate by the resonant frequency of the 

mechanical membrane and the air damping is discussed. 

Finally the effect of process variation and the different operating wavelengths on the 

modulator response are discussed. Design goals that should be met are a 

maximum modulation rate above 3 Mbit/s and an On-Off contrast above 10 dB over 

a wavelength window between 1275 nm and 1350 nm. The air damping of the 

resonator should be close to critical in order to suppress the overshot ringing. 

3.2.1. Optical Modelling 

3.2.1.1. Optical Theory of interference Coating 

A multilayer nonabsorptive thin-film coating, as our micromechanical Fabry-Perot, 

can be represented as a multilayer dielectric system. Each layer is characterised by 

its index of refraction nj and its thickness dr Standard optical theory allows to 

solve the total reflection of such a system using a matrix method26. Each layer/ can 

be expressed by a matrix M¡. For our modulator light incidence is normal to the 

layer surface. In this case the matrix becomes independent from the light 

polarisation, which means that the modulator will inherently show no polarisation 

sensitivity. 

M1 = 
cos5, sin S 

•irijS'mdj cos5y 

(3.1 
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where Sj is the optical phase change 

Ä r y V ; (3-2) 

where X is the wavelength in air, n} and d} are the refractive index and the 

thickness of the coating material. i\} is the optical admittance of a layer, which is the 

refractive index of the layer devised by 377 Q., the impedance of vacuum. 

Vj =£J [n-] (3.3) 

If the angle of incidence of the light is not normal to the surface the optical 

admittance r\} becomes angle and polarisation dependent, i.e. the optical 

admittance and thus the reflectivity and transmission become angle and polarisation 

dependent: 

for s-polarisation {Transverse Electric): 

j j j = 3 7 7 / 1 ^ COSTS1J-

for p-polarisation (Transverse Magnetic): 

377«, 
% cos-dj 

An important property of the matrix M1 is that its determinant always equals 1, also 

in presence of absorption. 

The matrix 

M = A/, - M1 - A/, • • • Mn, ( 3.4 ) 

incorporates the optical properties of all the layers. Noting Jjn+1 the admittance of the 

substrate, then the equivalent optical admittance of the layer system can be 

calculated by 

T1=I (3.5) 

where B and C are given by above matrix and the admittance of the substrate: 
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B 

C 
= M 

i 

L7UiJ 
( 3 .6 ) 

The reflectivity R can be expressed in a similar form as the well known Fresnel 

formula: 

R = V0-V 
rç> + ï? 

3.7) 

This formula is the basis for all subsequent optical simulations. 

3.2.1.2. Fabry Perot Interferometer 

As already shown in the introduction to micromechanical light modulators our Fabry-

Perot cavity consists of two polysilicon mirrors. At the working wavelength of 

¿ = 1.3 pm polysilicon is transparent, thus there is no light loss due to absorption. 

The reflectivity R1 and R2 of the thin film mirrors is maximum if their thickness is an 

odd multiple of a quarter wavelength, A/(4n), where X is the working wavelength and 

n the refractive index of polysilicon. At 1.3 um the refractive index of single crystal 

silicon is 3.527. For quarter wavelength films the reflectivity Ri and R2 of the mirrors 

can be expressed according to equation (3.5) and (3.7) by 

K2 = n +nnn, 
(3 .8 ) 

Where n„ is the refraction index of the underlying medium and n, the refraction index 

of the incident medium. For the free standing polysilicon membrane the underlying 

medium is air and n0 = n¡ = 1. Thus equation (3.8) yields a reflectivity of 72 % for R2. 

In order to get the same reflectivity for R1, the refractive index of the substrate has to 

be matched by an anti-reflection coating. Thus it is possible to get an equivalent 

refraction index n0 close to 1. 

In the practical realisation the first mirror has a nominal thickness of 31/4n = 280 nm 

and the second one a thickness of 5Á/4n= 468 nm allowing for an optimum 

reflectivity at the working wavelength of 1310 nm. 
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Table 3.1: Thickness of polysilJcon mirrors with optimum reflectivity at a 

wavelength of 1300 nm 

polysilicon 1 

polysilicon 2 

3)J4n = 280 nm 

5À/4n = 468 nm 

The transmission T of a lossless Fabry-Perot modulator is a function of the 

reflectivity R1 and R2 of its mirrors and of the air gap h between the mirrors: 

T H-R1)(I-R2) 
~ ÏT Í 3 9 1 

(Ì-JR^)2+4JR^Sm2Ix-
A 

This expression has maxima and minima when the sine in the denominator is 

respectively zero and one. Thus for h being a multiple of ?J4, the transmission 

becomes: 

(\-Jk~&)2 f0r h = 0I Jj2, X... (3.10) 

7"_ = 
(1-R1)(I-R2) 

for h = }J4, 3W4 ... (3.11 ) 

The reflectivity of the Fabry-Perot can become zero, only if the mirrors are of equal 

reflectivity. In this case equation (3.10) is always 1. Thus, to get a maximal contrast 

and a maximum reflectivity of the Fabry-Perot, the reflectivity R1 and R2 of the two 

mirrors must be as equal as possible and as high as possible. 

Using the above interference filter theory it is possible to simulate the response of 

the modulator as a function of the airgap separating the mirrors as shown in Figure 

3.7. The reflectivity attains its minimum at every airgap thickness which is an integer 

multiple of half the optical wavelength. 

Thus at mirror separations of 650 nm, 1300 nm and 1950 nm the Fabry-Perot is in 

optical resonance and the reflectivity has a sharp minimum. The airgap distance at 

minimum reflectivity depends sensitively on the working wavelength. The Fabry-

Perot is in its maximum reflectivity state over a broader air gap and also wavelength 
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range. In order to be able to adjust easily the working point, i.e. the minimum in 

reflectivity, the membrane should stay in a high reflecting state in its rest position. 

100r—r 
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"u ' 
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Figure 3.7: Simulated reflectivity as a function of the distance separating the 

two mirrors for ideal layer thickness ata wavelength A= 1.3 ̂ m. 

Both the variable wavelength and the imprecision in the mirror thickness affect the 

Fabry-Perot performance. On the one hand the On-Off ratio may be reduced, on the 

other hand the air-gap height for minimum reflectivity may shift by more than the 

wavelength, i.e the membrane actuation must allow to adjust the air-gap height over 

a wider range than just the wavelength range. The effect of wavelength change and 

layer thickness variation on the On-Off ratio is maximum when the difference in the 

reflectivities of the two mirrors is highest. An assumed imprecision of 5 % in the 

layer thickness reduces the On-Off ratio from over 20 to 11 dB at worst, as shown in 

Figure 3.8. The maximum On-Off ratio reduction at 1275 nm results from errors in 

the layer thickness, where the first mirror exceeds by 5 % the nominal thickness, 

whereas the thickness of deformable mirror remains 5 % below the nominal 

thickness (Figure 3.8 a)). At a working wavelength of 1350 nm the highest reduction 

of the On-Off ratio results when the first mirror is 5 % too thin and the moveable 
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mirror is 5 % too thick (Figure 3.8 b)). The shift of the air-gap height of minimum 

reflectance is small; the gap height at optical resonance is close to the wavelength. 

a) b) 

Air Gap [nm] Air Gap [nm] 

Figure 3.8: Effect of a 5 % error in layer thickness on On-Off ratio: a) 5 % too 

thick poly-1 and 5 % too thin poly-2 mirrors b) 5 % too thin poly-1 and 5 % too 

thick poly-2 mirrors. In the worst cases the On-Off ratio is reduced to 10 dB. 

The effect of wavelength modification and layer thickness variation on the shift of the 

air gap at optical resonance is maximum if the error in the layer thickness goes in 

the opposite direction to the change in wavelength. At a plus 5% error in layer 

thickness (Figure 3.9 a)) and at a working wavelength of 1275 nm the minimum 

reflection condition is reached at an airgap of only 1.2 ^m. The difference between 

the air gap height and the working wavelength is as high as 75 nm. All the same the 

modulator maintains an On-Off ratio above 20 dB. At a minus 5% error in layer 

thickness (Figure 3.9 b)) and at a working wavelength of 1350 nm the air gap height 

at minimum reflection moves up to 1.42 u.m. Figure 3.9 shows that an unfortunate 

combination of processing imprécisions can considerably scatter the air-gap height 

at optical resonance. 

Generally a low actuation voltage is desired. Therefore the smallest possible airgap 

is best. One would preferably choose the working point at the optical resonance with 

the smallest airgap, i.e. at 650 nm as shown in Figure 3.7. As will be described in 

detail in the paragraph on mechanical modelling, parallel plate electrostatic 

actuators only allow for a stable deformation of 30% - 40% of the initial air gap 

height, then a collapse occurs. As it appears in Figure 3.9 a deformation of 400 nm 
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can be necessary to cover the wavelength range. This is not possible when the 

initial air-gap is 950 nm because after 30 % - 40 %, i.e after 290 nm - 380 nm of 

deformation, the instability of the electrostatic actuator is reached. Therefore the 

smallest possible undeformed air gap height is 1.55 -1.6 nm. 

Figure 3.9: Effect of a 5 % error in layer thickness on air-gap height at optical 

resonance: a) 5 % too thick mirrors shift optical resonance 70 nm down. b) 

5% too thin mirrors shift optical resonance 75 nm up. 

In the simulations of Figure 3.7 to Figure 3.9 the mirror surfaces are supposed to be 

parallel and flat. In the actual design the moveable mirror is a deformatile membrane 

which is no longer flat in the actuated position, but deformed. For a membrane 

deformation of 300 nm this curvature introduces an airgap difference of about 10 nm 

between the center and the border of the light spot. If the light distribution is 

supposed to be uniform, which is worse than the actual gaussian beam, than an 

additional On-Off contrast reduction of 1-2 dB is introduced. 

Whereas the air gap height at minimum reflectivity has to be adjusted to the working 

wavelength within the range of a few nm, the influence of the air gap height is less 

critical in the high reflecting state. As shown in the reflectivity spectrum of Figure 

3.10 the modulator has a high reflectivity for wavelength between 1200 and 1350 nm 

for an airgap of 1.55 urn. At an air-gap height of 1.3 jam the reflectivity is drastically 

reduced for a wavelength around 1.3 nm. The spectral width of the wavelength 

range with more than 50 % transmission is here 45 nm only. 
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Figure 3.10: Simulated reflection spectrum at an air gap of 1.S5 urn (plain line) 

and 1.3 urn (dashed line). 

3.2.1.3. anti-reflective coating 

As shown in the cross-section of Figure 3.6 the silicon substrate is anti-reflective 

coated on both sides. On the upper side this coating should match the index of the 

substrate to that of air so that the fixed polysilicon mirror can have the same 

reflectance as the second polysilicon mirror according to equation (3.8). On the 

bottom side the AR-coating should reduce the reflection between the fiber and the 

silicon substrate to a minimum. 

If a single layer can be used for the Anti-Reflective coating, it should have a 

thickness df of a quarter wavelength26: 

d,.±- (3 .12) 

The refraction index nf of the film should have a value26 of 

nf = TJn0ns ( 3 . 1 3 ) 

where «,. is the index of the incident medium and n0 is the index of the silicon 

substrate, which is 3.5027 at 1.3 jim. For a coating towards air the ideal index is 
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nf= 1.87, for a coating towards a fiber the index of the quarter wavelength film 

should be ^=2.26. 

In polysilicon surface micromachining the substrate is usually passivated by a silicon 

dioxide - silicon nitride bilayer. Silicon dioxide has a refraction index of 1.46. The 

refraction index of silicon nitride is process dependent and can vary between 1.9 

and 2.1. In our laboratory the stochiometric silicon nitride has a refraction index of 

2.0. The refractive indexes of these films were measured in our laboratory by an 

ellipsometer at 633 nm. 

With a bilayer AR-coating consisting of a thermal oxide and a nitride it is possible to 

get a perfect coating towards air, because the index of the ideal single layer coating, 

i.e. 1.87, lies between 1.49 and 2.0, the refraction indexes of silicon dioxide and 

silicon nitride. With a bilayer coating it is possible to match the underlying silicon 

substrate to any refraction index, which lies in between the index of the two layers. 

The corresponding layer thickness would be 60 nm for the oxide and 96 nm for the 

nitride. The thickness of these layers are numerically calculated using equations 

{3.4)-(3.6). 

Another pair of values of layer thickness, which results in a minimum reflection, 

consists of a quarter wavelength thick nitride layer on a half wavelength thick oxide 

layer. A half wavelength thickness results in a so called absence layer, i.e. at the 

working wavelength the oxide layer doesn't influence the reflectivity. A quarter 

wavelength nitride layer (dxltrlilr= 162 nm, n„iltüle= 2.0) has an anti-reflective effect. 

The resulting admittance is n = 1.14. The reflectivity towards air is still below 0.5 % 

with the advantage, that the reflectivity towards glass is below 2 %. The first coating 

design with a zero reflection towards air would lead to a 4 % reflection towards 

glass. 

Table 3.2: Possible AR-coatings with oxide-nitride bilayer 

Design 1 

Design 2 

Oxide Nitride Reflection to Glass Reflection to Air 

60 nm 96 nm 4 % 0 % 

445 nm 162 nm 1.9% 0.5% 
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Figure 3.11: Simulated Reflection spectrum at an Fabry-Perot air gap of 

1.55 u.m (plain line) and a Fabry-Perot air gap of 1.3 u.m (dashed line) taking 

into account the 1.9% reflection at the interface between fiber and the nitride-

oxide coated substrate and the beam divergence. 

In order to use the same nitride-oxide coating on the backside (Figure 3.6) as well, 

we have chosen the second design. Another good reason to use the second design 

is their thicker layer thickness permitting a smaller capacitance to the substrate and 

also technological considerations. To avoid, that the nitride layer is etched away 

during sacrificial layer etching, it should have a thickness above 140 nm, which can 

only be realised by the second coating. 

However in the practical realisation it was observed, that a 2 % reflection at the 

fiber-substrate interface is too high. If this reflection is above 1 % the performance of 

the back illuminated modulator becomes wavelength and temperature dependent 

due to the parasite Fabry-Perot cavity between the bottom and top surface of the 

silicon substrate. As shown in the simulation of Figure 3.11 a 1 %,reflection of the 

backside AR-coating can generate variations of the On-state of more than 20 %2a. 

Therefore the coating based on the standard oxide-nitride layers had to be replaced 

by a titanium oxide layer with a refractive index close to 2.3 in order to reduce the 

reflection to glass well below 0.5 %. 
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3.2.2. Mechanical modelling 

3.2.2.1.Static mechanical response 

The electro-mechanical behaviour of parallel plate electrostatic actuators is well 

described in literature29. The most simple approach is the lumped model30,31- Here 

the membrane deformation is regarded to be uniform, i.e. the capacitor plates 

remain parallel. The lumped model consists of a single parallel-plate capacitor 

suspended above a ground plane by an ideal linear spring as shown in Figure 3.12. 

Membrane 

_ - F X e d Electrode 

Figure 3.12: Lumped model of a deformable membrane electrostatic actuator. 

At static equilibrium the elecrostattc force and the restoring spring force have to 

compensate each other:' 

kx = 
ES V1 

< 3.14 ) 
2 (g0-x)2 

where k is the spring constant, x is the displacement of the membrane center, g„ is 

the initial gap, e the permittivity of air, S the electrode area, and V is the applied 

voltage. The spring constant can be expressed in terms of the geometrical 

dimensions of the beam32: 

k = \6E 
wt' 

{ 3.15 ) 

E is Young's modulus of polysilicon, I is the beam's length, f is its thickness and w 

its width. As the voltage is increased, the gap decreases until an instability or 

collapse condition is reached. With equation (3.14) and the fact, that at the pull-in 
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voltage the first derivative of the electrostatic force equals the spring constant, one 

can calculate the critical pull-in voltage Vp and the critical pull-in gap distance gp
 33: 

gf=^f- (3.17) 

According to equation (3.17) only the first third of the initial airgap distance can be 

used for a stable actuation. If the membrane is deformed more than one third of the 

initial air gap g0 the membrane collapses. The voltage necessary for pull-in has to 

exceed the value given by equation (3.16). 

According to equation (3.16) the effect of a variation of the layer thickness on the 

pull-in voltage is: 

V,~fîg* (3.18) 

Therefore an error of 5% in both the airgap and the membrane thickness results in a 

variation of the pull in voltage of 16 %. 

To refine the lumped model the spring and electrode function of the free standing 

membrane can no longer be separated. On the one hand the membrane is a 

deformable electrode and the electrostatic force is maximum where the deformation 

is highest. On the other hand the spring constant can also be regarded as 

distributed, i.e. the electrostatic pressure close to the clamping end contributes little 

to the membrane deformation, whereas the electrostatic pressure in the membrane 

center contributes strongly. To take into account these two effects we have 

performed an FEM analysis with the commercial Ansys© program. We used two 

dimensional structural elements. The electrostatic pressure was calculated on every 

element with the built in APL (Ansys Programming Language) programming 

language. The electrostatic pressure is a function of the membrane deformation. To 

couple it with the structural analysis of the FEM program we used a Newton-

Raphson algorithm which had also to be programmed in the APL language. In 

Figure 3.13 a) the lumped model is compared with the FEM simulation. In the 

lumped model the maximum membrane deformation is only one third of the air gap 
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height, whereas the FEM simulation indicates, that this deformation can be 40 % of 

the initial air gap height. 

a) b) 
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Figure 3.13: Simulated Electro-Mechanical behaviour of a 50 urn long, 0.47 u.m 

thick beam. Initial air gap is g0= 1.55 urn. a) Plain line shows the FEM 

simulation, dashed line shows the response according to equation (3.14), 

point-dashed line is the response according to equation (3.14) but supposing 

an active electrode area of 60 % of the total surface, b) FEM-simulated 

deformation - Voltage behaviour for minus 5% (dashed), 0 % (plain) and plus 

5% {pint dashed) error in the layer thickness of the polystlicon membrane and 

the air gap. 

In Figure 3.13 b) the influence of a ± 5 % variation in the air gap and polysilicon 

membrane thickness is simulated. As for the analytical calculation of equation (3.18) 

the shift in the pull in voltage is about ± 16 %. The relative shift of the bias-voltage, 

at which the membrane is pulled to an air gap of 1.3 urn, can attain up to ± 22 %. 

Thus not only the optical response but also the mechanical behaviour-, is strongly 

affected by errors in the layer thickness. 

3.2.2.2. dynamic mechanical response 

The maximum modulation speed of the device ¡s limited by the mechanical 

movement of the membrane. If we admit a critically damped resonator, excluding 

overshoot ringing, then during one cycle of the membrane 2 bits of information can 

i 
i 
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be imprinted on the light. Thus the maximum modulation rate is about twice the 

resonant frequency of the membrane. For a simple beam structure the resonant 

frequency can be expressed by33,34: 

The thickness f is fixed by optica! considerations to be 468 nm, i.e the beam 

thickness has to be an impair multiple of ?J4n in order to get a high reflectivity layer. 

If the internal stress a is zero, then the second square root in equation (3.19) is 1 

and the only parameter to control the resonant frequency is the length /. For the 

Young's modulus we assume 170 GPa33,35 and the density p at 2300 kg/ m1. The 

internal stress a in the polysilicon membrane is process dependent. It can be 

adjusted at values close to zero or even slightly tensile36. For a beam length of 55 

urn equation (3.19) yields a resonance frequency of 1.36 MHz; The frequency 

doesn't depend on the width of the beam, all the same this parameter is important in 

the design - it will be used to adjust the critical air damping. For a modulator with a 

maximum modulation speed of over 3 Mbit/s the beam length should be shorter than 

52 firn in order to get a resonance frequency of over 1.5 MHz. 

As explained in Figure 3.7, when at rest the modulator is in its high reflecting state, 

i.e. the air gap between the two mirrors should be 1.5 - 1.6 urn. To put the modulator 

into its low reflecting state a certain voltage (see Figure 3.13) is applied. To avoid 

switching between high voltage steps, preferably a DC bias is applied and a small 

AC modulation signal is superimposed. Due to the non-linear character of the 

electrostatic force the DC bias not only affects the static membrane displacement 

but also the dynamic behaviour. Actually the resonance frequency depends on the 

DC bias. This dependence can be expressed by a modified expression of the 

resonance frequency of an harmonic oscillator: 

f^±&=±£Tjf) ( 3 . 2 o , 
2K V m In \m\ ax J 

where m is the equivalent mass of the membrane, and k^is the equivalent spring 

constant, composed of the mechanical spring constant k and an electrostatic spring 
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constant, which is the first derivative of the electrostatic force. Introducing equation 

(3.14) and (3.15) results in expression (3.21), which can be solved numerically: 

fm Ixim k-
eSV2 

Of0-*)3 ( 3.21 ) 
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Figure 3.14: Resonance Frequency of the electrostatic membrane actuator. 

a) As a function of applied DC bias. At the pull-in voltage Vp the resonance 

frequency becomes numerically zero, b) As a function of membrane 

displacement. (Initial airgap = 1.55 \im, length 50 um) 

Figure 3.14 shows the dependence of the resonance frequency on the applied 

voltage or on the resulting deformation. It can be seen in graph a), that the 

resonance frequency drops drastically, when the bias voltage gets in the vicinity to 

the pull-in voltage. For the modulator design Figure 3.15 b) is more important. We 

have seen in the paragraph on optical modelling, that the air-gap height must be 

adjusted between 1200 nm and 1400 nm, if the modulator has to operate over a 

wavelength range of between 1275 and 1300 nm and if we admit an imprecision in 

the layer thickness of ± 5%. For an initial air gap height of 1.6 (im the membrane 

deformation can vary between 200 and 400 nm. According to Figure 3.15 b) this 

leads to a reduction of the initial resonance frequency between -16 % to - 37%. Thus 

also the modulation bandwidth is strongly affected by errors in the layer thickness. 
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3.2.2.3. scaling law between bandwidth and voilage 

In the above considerations we have focused on a modulation bandwidth higher 

than 2 Mbit/s and we have seen, that for a frequency this high the actuation voltage 

is high. It is now interesting to see how a reduction in speed, i.e. the resonance 

frequency, will affect the necessary driving voltage. According to the lumped model 

the resonance frequency /"can be expressed in terms of the spring constant k and 

the mass m: 

'=¿£ <3-22» 
The force F necessary to modulate the light is the displacement, which is in the 

order of À/4 times the spring constant k\ 

F = - k ( 3 .23 ) 
4 

This force is generated by the applied voltage V values: 

,where S is the electrode surface and go the initial air gap. 

At equilibrium the spring force (3.23) has to neutralise the electrostatic force (3.24). 

Introducing equation (3.22) and (3.23) into equation (3.24) finally leads to an 

expression of the necessary driving voltage V as a function of the resonance 

frequency f. 

r=/8o-fep (3-25) 

,where p is the density and f the thickness of the membrane. Thus the driving 

voltage varies linearly with the resonance frequency. A 500 kbit/s device with a 

resonance frequency of 250 kHz would need a driving voltage around 15 V only. 

3.2.2.4. Air Damping 

In order to damp the resonant mechanic oscillations the device is operated in 

atmospheric pressure. The major dissipation mechanism is the squeezed air film 
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between the free standing polysilicon membrane and the underlying electrode. To 

discuss the effect of geometrical variations on the damping behaviour we can 

describe the free standing polysilicon membrane with the differential equation of a 

damped harmonic oscillator with mass m, spring constant k, mechanical resistance 

R and and excitation force f(t). [ 

m^+R^ + kx = /Y/) ( 3.26 ) 
dr di JK ' ; 

For two parallel discs of area S, with average spacing go, the equivalent mechanical 

resistance is37: 

2ïïg0 

where ¡i is the air's viscosity (18x10-6 kg/ms for air at 20° C and atmospheric 

pressure). Notice the strong dependence on the air gap go which has to be multiples 

of 650 nm, i.e multiples of half of the working wavelength. The above equation 

supposes parallel plate large discs and small vibration amplitudes with respect to 

the spacing gQ. In order to include large amplitude effects and non-parallel 

geometries a numerical solution of the Reynold's equation is necessary. This is a 

challenging topic which will not be further developed in this thesis. Recent 

interesting approaches to solve the Reynold's equation for micromechanical devices 

are presented in References30,3V0. It can be shown; that the viscous damping effect 

of the atr dominates at low frequencies, but spring-like behaviour of the air-fitm 

predominates at higher frequencies41. 

For linear damped oscillators a characteristic of the damping is the so called quality 

factor, which expresses the ratio between the energy stored in the oscillator divided 

by the energy lost during a cycle of vibration. For a critical damped oscillator the 

quality factor, or simply O-value, is 0.5; for underdamped oscillators the Q-value is 

larger than 0.5 and for overdamped structures the Q-value is lower than 0.5. 

The quality factor Q can be expressed by the following equation: 
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In the case of a modulator structure with a simple beam shape the quality factor can 

be written as a function of the materials properties and the geomerical dimensions. 

Introducing equation {3.19) and (3.27) in above formula yields: 

SfïOJî 
Admitting an internal stress close to zero above equation yields a quality factor of 

Q = 1.9 for a I= 52 urn long beam, which according to equation (3.19) would have a 

resonance frequency of 1.53 MHz. A quality factor above 1 is not advantageous. 

According to above equation the Q depends strongly on the geometrical dimensions: 

'Y 
Ô - - T - (3-30) 

The thickness of the polysilicon beam t and of the air cushion g are fixed by the 

optical considerations. The only free parameters to adjust the Q-value are the length 

I and the width w of the membrane. Whereas the width w doesn't influence the 

resonance frequency, the length I has a strong effect on the resonance frequency, 

i.e. «/"3 , and also on the quality factor, i.e. « /~ \ For a decreasing length of the 

beam the quality factor increases at the third order but the resonance frequency only 

increases at the second order. Thus the quality factor increases faster than the 

resonance frequency for a given membrane thickness and air gap height. There 

exists a length and a corresponding frequency for which the quality factor is close to 

1. The width w only allows a reduced tuning of the quality factor, because w 

shouldn't be too small to allow easy alignment of the fiber, on the other hand a too 

large width w can cause problems during the sacrificial oxide etching, because the 

nitride might be attacked. In addition too high a width to gap ratio can cause a 

nonlinear damping behaviour, i.e the pull-down movement may be damped more 

than the return movement. For the above example of a 55 ym long beam the width w 

resulting in a quality factor of 1 would be as large as 65 p.m. For an assuming ideal 

width of 40 firn the corresponding length, i.e. resulting in a quality factor of 1, would 

be I = 65 |im. The corresponding resonance frequency would be 1.0 MHz. Thus for 

the simple beam design the maximum achievable modulation bandwidth is limited by 

the damping mechanism to about 2 Mbit/s, i.e. about twice the resonance frequency. 

Q = 
2K4.1V 

3u 

2k4.1V
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As shown in Table 3.3 for the simple beam design the damping can not be scaled 

with the resonance frequency. Actually for structures faster than 1 MHz the Q-value 

is larger than 1, which leads to undesired overshoot ringing. 

Table 3.3: Calculated Resonance frequency and Q-value of beams for different 

lengths and a constant width of 40 urn. 

Length 

resonance 
frequency 

Q-value 

SO 

1.66MHz 

2.2 

55 

1.37MHz 

1.6 

60 

1.15MHz 

1.3 

65 

960 kHz 

1 

70 

846 kHz 

0.8 

To increase the maximum modulation bandwidth while maintaining a damping 

response close to critical the resonance frequency has to be increased by design 

variations that allow an increased length for a given frequency. Under the condition 

to maintain the beam thickness í and of the air gap g, there exist three possibilities 

to increase the resonance frequency of the simple beam structure without increasing 

its length: 

a) internal tensile stress 

b) increased beam stiffness by profiled beam 

c) clamping at more than two points 

Figure 3.15: Design variations for an increased resonance frequency and 

maintaining a critical damping, a) internal tensile stress, b) increased beam 

stiffness by profiled beam, c) clamping at more than two points. 

The most important surface increase, respectively damping increase, - keeping the 

same resonance frequency - can be obtained with the design c). To determine the 

geometrical dimensions for a given resonance frequency we have performed an 

Finite Element analysis: 
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a) b) 

Figure 3.16: Finite Element modal Analysis, a) cross-type membrane with a 

resonance at 1.66 MHz. b) profiled beam. The resonance is at 1.71 MHz. 

The resonance frequency is 1.66 MHz for a membrane width of 26 urn and a length 

of 60 »im; thus the length is 10 jam longer than for the simple beam design, which 

reduces the Q value according to equation (3.29) and (3.30) by 20 %. Internal 

stress is supposed to be zero. 

On the other hand the design variation b) with a profiled beam structure not only 

increases the resonance frequency compared with a ordinary beam of the same 

length, but also the damping is increased by the smaller gap at the profiled regions.. 

Figure 3.16 b) shows the modal analysis of a 56 ^m long beam. It has a resonance 

frequency of 1.72 MHz. The length is 7 ^m longer than a simple beam design with 

the same resonance frequency. The reduction of the Q-value is 14 % when we only 

consider the increased length. If we take into account also the reduced gap height 

due to the profiled beam, the Q-value reduction is even higher. From a technological 

point of view the fabrication of profiled beams needs an additional mask, i.e. one 

additional photolithography and one etching step. 

The third way to get a higher resonance frequency with the same beam dimensions 

is to build in tensile stress. With well tuned processing conditions tensile stresses 

higher than 100 MPa can be obtained in polysilicon42. According to equation (3.19) a 

100 MPa tensile stress increases the resonance frequency of a 60 urn long beam by 

250 %. To get the same resonance frequency as without stress the length can be 
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increased by 58 %. Thus also the Q-value could be reduced by almost 60 % for the 

same frequency. 

With the combination of internal tensile stress and cross membrane design the 

maximum modulation frequency with still critical damping can be doubled, if we 

assume, that a Q-value between 1-2 is still acceptable. The maximum modulation 

bandwidth, which can be obtained with a micromechanical modulator may be as 

high as 6-10 MbWs. 

3.2.3. Influence of Layer Thickness Mismatch 

In the previous paragraphs it has been shown, that the operation wavelength and 

the imprecision of the layer thickness can change the optical (Figures 3.8 and 3.9), 

the static (Figure 3.13) and the dynamic (Figure 3.14) characteristics of the Fabry-

Perot modulator. In this paragraph we will combine above simulation results. The 

four important parameters which describe the modulator performance are: On-Off 

Contrast, Modulation Bandwidth, Extinction Voltage and Modulation Voltage. In the 

following we will estimate how these four parameters are affected by the changing 

wavelength and by layer thickness variations. 

0i , , , Y , v — s _ i 
0 20 40 60 80 100 

Voltage [V) 

Figure 3.17: Simulated response at 1250 ntn (dashed), at 1300 nm (plain) and 

at 1350 (point-dashed) without error in layer thickness. 
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Figure 3.17 shows the static electro-optic simulation for a wavelength of 1250 nm, 

1300 nrn and 1350 nm without an error in the layer thickness. This simulation was 

obtained by a combination of the simulation of Figure 3.7 and Figure 3.13. The initial 

air-gap was 1.55 nm. The extinction voltage, i.e. the voltage at minimum reflectivity 

is 75 V at 1350 nm, 86 V at 1300 nm and 94 V at 1250 nm. The voltage necessary 

to modulate the reflectivity between 80 % and the minimum is called the modulation 

voltage. At 1350 nm it is almost 20 V, whereas at 1250 nm already 8 V are sufficient. 

According to equation (3.21) respectively Figure 3.14 applying a bias voltage leads 

also to a decrease of the modulation bandwidth. For the ideal mirror thickness and 

an airgap of 1.55 jam this frequency variation is below 5 % between 1350 nm and 

1250 nm operation wavelength. 
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Figure 3.18: a) Response at 1250 nm, 1300 nm and 1350 nm with layers having 

a minus S % thickness error, b) Response at 1250 nm, 1300 nm and 1350 nm 

with layers having a plus 5 % thickness error. 

In Figure 3.18 a) and b) the electro-optic response is simulated for an error in the 

layer thickness of minus 5 % in Figure 3.18 a) and a plus 5 % error in Figure 3.18 b). 

Not only the thickness of the mirrors but also the thickness of the initial air gap is 

changed by 5 %. The error in the layer thickness is introduced in that way, that all 

layers are 5 % too thick or 5% too thin. This leads to the biggest change of the air 

gap height at optical resonance, which in turn affects mostly the extinction voltage 

and the modulation voltage, but the On-Off ratio stays good for these errors. It was 
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shown on Figure 3.8 that the On-Off is affected when the error in the mirror 

thickness has opposite sign for the fixed and the moveable mirror. 

Table 3.4: Effect of layer thickness and wavelength variation on the device 

characteristics. 

thickness 

wavelength [fim) 

On-Off ration [dB] 

extinction 

Voltage [V] 

modulation 

Voltage [V] 

frequency [MHz] 

ideal 

1.25 1.30 1.35 

20 25 20 

92 86 75 

8 10 20 

1.3 1.38 1.46 

ideal plus 5% 

1.25 1.30 1.35 

20 20 20 

117 111 103 

8 8 9 

1 1.2 1.26 

ideal minus 5% 

1.25 1.30 1.35 

20 20 20 

72 59 38 

11 23 38 

1.38 1.45 1.5 

The simulation results are summarised in Table 3.4. If we omit the response at 1350 

nm of the minus 5 % error simulation, where the initial air gap got too thin to allow a 

correct modulation, we can see, that the extinction voltage can vary between 60 V 

and over 110 V. This wide scatter is above all due to the large effect of the error in 

the air gap thickness. For a perfect air gap thickness this extinction voltage can only 

vary between 65 V and 96 V over the wavelength range and admitting an error in the 

mirror thickness of 5 %, which ¡s not far away from the values for the ideal response, 

which is between 75 V and 92 V. The modulation voltage is much less affected as 

long as the membrane deformation for modulation stays high enough, i.e. when the 

initial air gap is not too thin and the working wavelength 1350 nm. At higher initial 

air gaps a modulation voltage below 10 V is sufficient, but for the longer wavelength 

or low air-gaps modulation voltages up to 20 V are necessary. 

The drawback of high initial air gaps, i.e. higher than 1.6 ^m is the increased 

extinction voltage and the reduced bandwidth. At a plus 5% error the bandwidth may 

be reduced as much as 40 % due to the electrostatic spring softening. This result 

may be surprising: the membrane is 5 % thicker and therefore much stiffen 

Nevertheless at the necessary bias voltage the bandwidth is lower than for the ideal 

thickness. This is because also the air gap is increased by 5 % resulting in an 
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increased bias voltage. This bias voltage softens the equivalent spring and reduces 

the resonance frequency. An excellent control of the air gap thickness better than 

± 2% is thus necessary to reduce the scatter in the bandwidth and in the bias 

voltage. On the other hand for the mirror layers a precision of +/- 5 % can be 

accepted. 

3.3. Fabrication 

Fabrication is based on polysilicon surface micromachin i ng a well established 

technology in the MEMS (micro-electro-mechanical-systems) field. However a 

number of process modification are necessary in order to meet the special 

requirements of the reflective modulator. First to bring the fiber sufficiently close to 

the modulator a hole is etched into the backside of the wafer. The bottom of the hole 

has to be AR-coated in order to avoid a second Fabry-Perot cavity between the fiber 

end and the modulator. So the conventional single side process becomes a double 

side process, where care has to be taken to ensure the compatibility of the 

processing done on the top surface with those done on the bottom layers. A second 

concern is the conservation of the thickness of the layers troughout the process. Not 

only the layers have to be deposited with a high precision and uniformity, but the 

layer thickness has also be conserved throughout the process. 

3.3.1. Polysilicon Surface Micromach in in g 

Polysilicon micromachining has become a powerful tool for the fabrication of 

integrated sensors and already has found application in a commercialised 

accelerometer. Polysilicons popularity is a direct results of its mechanical properties 

and its relatively well-developed deposition and processing technologies, which 

shares many common features with current IC technology. The electrical and 

mechanical properties, i.e. the resistivity and the internal tensile or compressive 

stress, can be tailored in choosing appropriate processing conditions. This 

characteristic makes polysilicon very attractive but also has its inherent difficulties. 

Good introductions on polysilicon micromachining can be found in textbooks on the 

MEMS technology43 or in review articles44,45. 
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The fabrication sequence of the reflective modulator is based on a total number of 6 

masks, starting with a thick oxidation for a anisotropic wet etching mask. The 

backside oxide is structured and holes are etched using 40% KOH solution at 60° C. 

To allow a passive alignment the bottom dimension of the hole has to fit to the 

cladding diameter of the fiber. We measured the dimension of the hole in an optical 

microscope with an optical ruler and time stopped the etching. 

After stripping the KOH-etching mask a passivating anti-reflection coating is 

deposited. It consists of a wet silicon dioxide and a low pressure chemical vapour 

deposited (LPCVD) silicon nitride. These layers have a thickness of 445 nm and 162 

nm respectively according to Table 3.2. 

The next step is the double side alignment to define the alignment marks and the 

substrate contact holes on the top surface. This alignment has to be done in a 

precision better than +/- 5 /jm to make sure that the passive alignment works 

correctly. Substrate contact holes are opened through the anti-reflection coating by 

plasma etching. Then a 280 nm thick LPCVD polysilicon is deposited and structured 

by plasma etching. This conductive layer serves as the first mirror and the bottom 

electrode. 

The next step is the chemical vapor deposition of a 1.55 urn thick phosphorus doped 

sacrificial oxide (PSG). High phosphorus content can result in PSG reflow46 or 

dewetting, manifested in structural layer deformation during high temperature stress 

relaxation cycles. This problem is circumvented by employing a composite sacrificial 

film47. Two third of the thickness is composed of highly doped PSG and the top third 

of non doped silicon dioxide. The sacrificial oxide is structured in buffered 

hydrofluoric acid. Then the second LPCVD polysilicon is deposited. In order to get a 

sufficient mechanical stability it has a thickness of 464 nm, ~Yr 

This polysilicon layer will serve as the mechanically active membrane. The control of 

its mechanical properties and internal stress is of primary importance. Many 

researchers have reported on the effect of the processing conditions on the 

mechanical properties of polysilicon layers deposited by LPCVD4V9,50 The 

mechnical properties, i.e. Young's modulus and internal stress are dependent on 
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deposition, doping and subsequent annealing steps. Although subsequent annealing 

can reduce a lot of the as-deposited-film stress, the initial microstructure will 

contribute significantly to ultimate film properties. Typically both fully amorphous and 

fully polycrystalline as-deposited LPCVD silicon films are in a state of compression 

with stress magnitudes ranging up to ca. 700 MPa51,52. In order to reverse the as-

deposited compressive stress into a beneficial tensile stress polysilicon has to be 

deposited at temperatures corresponding to the transition temperatures between 

amorphous and crystalline material ranging from 560-600 0C 53,54. For LPCVD 

silicon films deposited under these conditions, the magnitude and sign of the as-

deposited stresses extremely depend on process conditions and typically range from 

+500 MPa tension to - 500 MPa compression50,35,55,56,57. It is reported, and we could 

reconfirm this result in our laboratory, that initial compressive layers change the sign 

of stress if the amorphous silicon present in the film matrix is recrystalized in an 

annealing step above 625° C56. The art of polysilicon micromachining consists in 

adjusting the amount of amorphous polysilicon in the as-deposited layer with 

subsequent annealing and doping steps in order to get a reproduceable, slighly 

tensile stressed film. The polysilicon used for the reflective modulator is deposited at 

a temperature of 570 DC, silane flow rate and furnace pressure are adjusted to get a 

deposition rate of 35 A/min59,33. Under these conditions wafer bow measurements 

indicate a compressive stress of the as-deposited film of -240 MPa. After 

recrystallisation of the polysilicon film at 625° C the as-deposited compressive 

stress is reversed into a tensile stress as high as 190 MPa. 

Table 3.5: Measured stress in polysilicon at IMT 

Deposition at 6000C 

Deposition at 57O0C 

as-

deposited 

film stress 

- 200 MPa 

- 230 MPa 

annealing 

10500C, 

30 min 

- 20 MPa 

±5 MPa 

annealing 

10500C, 

30m in, 

doped P 

- 20 MPa -

- 50 MPa 

±10MPa 

annealing 

950DC, 

30 min, 

doped P 

compressive 

+ 100 MPa 

(tensile !) 
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To reduce the internal stress near to zero and to dope the polysilicon film an 

annealing step is performed. During this step the polysilicon layer ¡s doped from a 

phosphorus-doped oxide deposited on top the polysilicon. As the sacrificial oxide, 

this oxide also is composed of a doped non-doped composite oxide in order to 

prevent structura! layer deformation. The process used to dope polysilicon films can 

have significant impact on electrical, chemical and mechanical properties60,61,62. At 

our institute the process parameters used are an anneal step at 1050 eC during 30 

minutes. We obtained a sheet resistance of 300 - 500 Ohm/square. The stress in 

the annealed film is close to zero; between 2 - 1 0 MPa tensile were measured. In 

case of a too high doping at 100 Ohm/square at 1050° C the tensile stress is again 

reversed into slight compressive stress. If the annealing is performed at temperature 

too low the stress is not completely released. After doping and annealing at 950° C 

the tensile stress was still 100 MPa. 

At the higher deposition temperature of 600 0C the stress release is more doping 

dependent. At a slight doping to 500 Ohm/square a compressive stress around -20 

MPa was obtained. A too important doping to 100 Ohm/square could resuft in a 

compressive stress of -50 MPa. At an annealing temperature of 950 0C the 

compressive stress could not be sufficiently reduced. Table 3.5 summarizes the 

stress measurements for two different deposition temperatures and various 

annealing steps. 

After removal of the doping oxide the top polysilicon layer is plasma structured. This 

plasma etching is anisotropic and results in nearly vertical sidewalls. Due to this 

anisotropy it should be taken care, that no etching has to be done on steps , as for 

example on the 1.5 urn high sacrificial oxide step. LPCVD polysilicon has very good 

step coverage; at such steps the polysilicon can only be removed by a long 

overetching which may destroy other sensitive parts of the structure. If the 

overetching is not complete small polysilicon wires persist on these steps. 

The layers on the backside of the wafer are now stripped and the wafer is anti-

reflective coated with titanium oxide. Titanium oxide is a high refraction index 

material with an index n between 2.2 - 2.363 for an amorphous layer. 
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Figure 3.19: Schematic process flow for the fabrication of the modulator: 

a) silicon dioxide mask and KOH etching 

b) deposition of oxide (440 - 450 nm) and nitride (155 - 170 nm) AR-
coating 

c) opening of Contact holes, Polysilicon 1 (280 - 300 nm) deposition and 
structuring 

d) sacrificial oxide (1.55 -1.6 urn) deposition and structuring 

e) polysilicon 2 (470 - 490 nm) deposition, doping, annealing and 
structuring 

f) Stripping of backside layers and deposition of AR-coating 

g) sacrificial layer etching and metaiisation 

With the "TÏO2 coating it is possible to match the index of silicon to that of the fiber 

and to reduce the back-reflection below 0.5 % over the working wavelength range. 

The sacrificial oxide is then etched in hydrofluoric acid to obtain free standing 

polysilicon structures. Depending on the etch solution used considerable attack of 
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the polysilicon can occur leading to a non-uniform layer thickness of the thin film 

mirrors. We have obtained best results with 50% HF at ambient temperature. Attack 

of polysilicon was not measurable, but the etch rate of nitride can be as high as 

200A/min. The etch rate of PSG with 4% Phosphorus content is 10 um/min in a 

fresh etch solution. To free the membranes a 3 minutes etch was sufficient; thus 

leaving intact a sufficiently thick nitride for substrate insulation. After the sacrificial 

layer etching a special drying process has to be applied to prevent the membranes 

from sticking to the substrate. When the water is dried without precaution capillary 

forces appear on the liquid-air interface. In the small gap between the membrane 

and the substrate this force pulls the membrane down to the substrate, where it can 

remain stuck. 

a) b) 

Figure 3.20: Sticking after the free-etching of the membranes, a) Stuck 

membrane, b) free standing membrane - Stiction is prevented by a profiled 

beam suspension. 

To reduce this sticking several methods have been proposed. The simplest and 

most widespread method is to use ispropanol alcohol (IPA) as the last rinsing 

agent64. IPA has a low surface tension and the water is well dissolved. The water is 

supposed to be responsible for the permanent hydrogen bonding of the 

microstructures. It has been shown, that a rough surface can considerably reduce 

sticking65 as is shown in Figure 3.20 where the surface roughness is increased by a 

profiled beam structure. Also mono-layer coatings, which reduce the surface tension 

at the interface, have been proposed66. Others methods have been developed which 

completely eliminate the capillary forces. In the supercritical CO2 drying process, 

first reported by Multhem et al67 liquid is transferred to vapour via the supercritical 
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phase. Carbon dioxide is used because of its low critical temperature 7"«» 31.1 0C1 

Pc = 72.8 bar. During evaporation of the carbon dioxide no liquid-vapour interface 

exists, so there are no capillary forces working. Another approach for the liquid 

removing without capillary forces is the freeze-dry method first applied to 

micromachining by Guckelei a/68. The liquid surrounding the wafer is frozen and the 

solid is than removed by sublimation. Cyclohexane was found to be a practical 

solvent for freeze drying because its melting point is at 6 0C and the sublimation can 

be done at atmospheric pressure in a nitrogen ambient69. After the sacrificial layer 

etching a 2 urn thick aluminium layer is evaporated and structured for the contact 

lines. In this step aluminium is evaporated on the free standing polysilicon 

membranes, which are frozen in the aluminium layer. So conventional IC processing 

as spinning can be carried out on the micromechanical structures. 

Figure 3.21: SEM photograph of a finished device. 

3.3.2. Limitations of the Fabrication 

There are various process imperfections which may reduce the device performance. 

The effect of errors in the layer thickness of the films has been discussed in the 

modelling chapter and it was shown that a precision better than ± 5% is necessary 
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for the polysilicon mirrors and the AR-coating, whereas the air-gap should be 

defined better than ±2%. 

The precision which can be reached depends above all on the deposition equipment 

used. Modem deposition furnaces are capable of producing very uniform layers with 

a reproduceabilty within a 1 % variation. An error in layer thickness can be 

classified in three different classes: first there is the non-uniformity on a single 

wafer. If the deposition is carried out on a whole batch of wafers there might also be 

an on-batcn variation. For example the film thickness on the first wafer is different 

from the film thickness on the last wafer. Finally there might be a variation from one 

deposition run to the next. 

For the polysilicon and nitride deposition we used low pressure chemical wafer 

deposition (LPCVD), which resulted in very uniform depositions, but the run-to-run 

variation was not better than ± 3 %. Still this is sufficient for these layers. A major 

concern is the sacrificial oxide, which has to be very precise. We tried first a 

atmospheric pressure CVD available at the IMT laboratory, which yielded layers with 

a 5 % non-uniformity over the wafer surface. To get better more reproduceable 

results we got LPCVD depositions of the sacrificial oxide done at CSEM, 

Switzerland. 

Another concern with optical films is their roughness. It has been reported, that the 

surface roughness of polysilicon can be affected by the deposition conditions. For 

0.5 urn thick polysilicon a roughness value as low as 8 A rms is reported in 

littérature70. For thicker polysilicon films the roughness increases and for optical 

applications of 5 pm thick polysilicon structures even chemical-mechanical polishing 

was used to reduce the roughness from 400 A Ra below 17 A Ra7'. For our 0.5 um 

mirrors roughness hasn't been a concern. 

Another roughness problem can arise from the surface roughness of surfaces 

etched in anisotropic wet etching such as KOH, TMAH, EDP. Due to the roughness 

part of the light is scattered away and is lost. Figure 3.22 shows a measurement 

with a confocal microscope of a typical aspect of a 300 urn deep etched bottom 

surface of an (100) wafer. The surface has an orange peel aspect, the height of the 

notches are up to 0.2 urn. In the micromachining community there has developed 

considerable folklore and hear say about the nature of this roughness. 
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a) b) 

Figure 3.22: a) Measurement of surface roughness of KOH etched (100) 

surface with a scanning confocal microscope (UBM) after 300 ^m deep 

etching. Ra roughness is 110 nm. Hole size is 300 x 300 micron, b) Same 

Surface in an optical microscope in phase contrast mode (Normaski). 

In references72,73,74 the effect of KOH concentration and temperature on the 

roughness has been studied. They found that etching at temperatures higher than 

6O0C and at concentration of 30 % gave best results.Other researcher have reported 

that the roughness can be considerably reduced by a clean etching bath75,76,79, by 

preventing of C0275 contamination respectively metal contamination76, by reducing 

high temperature processing steps77, by adding hydrogen peroxide to the etching 

bath78. Cambell et al. even claimed obtaining "atomically flat etch surfaces" by 

oxygen bubbling and adding isopropanol to the etching bath79, which couldn't be 

reproduced in our laboratory. Others observed that very resistive silicon(> 2000 ihn) 

fabricated by the float zone technique80 leads to mirror polished surfaces. 

In our experience the silicon quality can have a considerable influence on the aspect 

of etched surfaces. But we haven't been able to suppress the roughness just by 

modifying the etching parameters and the substrate material. To completely avoid 

any surface roughness we have used buried oxide wafers, so called Silicon-on-

lnsulator wafers (SOI). Figure 3.23 illustrates the etch stopping with a buried oxide. 
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O) b) 

Figure 3.23: a) Etching holes in KOH of conventional wafers results in a 

bottom roughness of 0.1 urn rms. b) Etch stopping on the buried oxide of SOI 

wafers eliminates the bottom roughness in the hole. 

In Figure 3.24 the extinction ratio of modulators with a conventional KOH hole and a 

SOI etch-stopped hole arecompared. A single mode fiber is scanned over a surface 

of 60 x 60 |jm in the backside hole. For the conventionally etched hole the extinction 

ratio is distributed in a less homogenous manner than for the SOI wafer. This is due 

to the influence of the light scattering and focalisation in relation with the surface 

roughness. Also the diameter of the region, in which a maximum extinction ratio is 

obtained, is smaller for the conventionally etched hole. 

Extinction Ratio Extinction Ratio 

Figure 3.24: Extinction ratio when the modulator is illuminated from the 

backside hole, scanned over the etched surface, a) KOH-hole of 

conventionally wafer. Extinction voltage is 80 V. b) hole of SOI-wafer. 

Extinction voltage is 63.5 V. Note, that the reduced the fiber position tolerance 
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of a) is due to the higher membrane deformation at 80 V, i.e. a higher initial air 

gap, and not due to the surface roughness (measurement O. Anthamatten, 

Ascom Tech AG) 

But this effect is not due to the surface roughness in the KOH hole but due to the 

different air-gaps of the two modulators. Actually for the modulator on the SOI wafer 

already 63.5 V are sufficient to extinct the light signal, i.e. the air gap between the 

polysilicon mirrors is about 1.51 ^m, whereas for the modulator on the conventional 

wafer over 80 V are necessary for modulation. This modulator has an initial air gap 

of 1.6 urn. Thus the polysilicon membrane is much more deformed for the first 

modulator than on the SOI wafer, which reduces the area of maximum extinction 

ratio. All the same both modulators achieve an extinction ratio over 12 dB; the 

performance degradation due to the surface roughness is not dramatic, therefore the 

use of conventional wafers is acceptable. 

Another method for eliminating the surface roughness is electropolishing61. By 

anodic polarization of silicon in aqueous solution a surface oxide is formed, which is 

etched away by hydrofluoric acid (HF). Depending on the substrate type, i. e. n or p, 

its resistivity and the applied polarisation voltage either porous silicon formation or 

electropolishing occurs. In our surface micromachining process we have to use n 

type silicon, because micromechanical polysilicon is preferably Phosphorus doped. 

N type silicon yielded very bad electropolishing results. Porous silicon formation 

could not be eliminated, which resulted in a brown surface aspect. So this method 

was not further pursued, but p type silicon may give better results. 
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3.4. Characterisation of Reflective Modulator 

3.4.1. Measurement Set-Up 

A schematic view of the experimental set-up is shown in Figure 3.25 and Figure 

3.26. The Set-up of Figure 3.25 allows fast measurements using prober needles for 

contacting the chip. The set-up of Figure 3.26 needs a longer preparation but is 

more stable and is the configuration used in the packaged devices. 

Figure 3.25: Measurement Set-Up for fast characterisation, which can be used 

for on wafer measurements. 

As shown in Figure 3.25 a single mode fiber is aligned above the modulator. In order 

to eliminate the 4% reflection at the fiber-air interface, the fiber end is polished at an 

angle of about 8°. The light reflected from the interface is not guided in the fiber-core 

anymore and is transmitted into the cladding and lost. If a fiber without an angle at 

the end was used, a second Fabry-Perot cavity would be formed between the 

modulator and the fiber end. In this case the response of the modulator would be 

very sensitive to the distance between the fiber and the modulator. The fiber for 

measurement is connected to the input of a directional coupler with a laser diode 

and a photodiode receiver at its outputs. Depending on the voltage applied to the 

modulator more or less light is reflected back into the fiber and detected at the 

receiver end. 
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In the second configuration shown in Figure 3.26 the modulator is illuminated form 

the backside hole. 

Figure 3.26: Placing the fiber in the back side KOH-hole is the configuration 

used in the packaged devices. 

3.4.2. High Speed modulator 

3.4.2.1. static response 

When zero voltage is applied on the Fabry-Perot modulator, the air-gap between the 

two mirrors is 1.6 pm and the modulator is in its high reflecting state. About 50 - 70 

% of the light are returned back into the single mode fiber resulting in a typical 

insertion loss of 1 - 3 dB. The distance between the fiber end and the modulator is 

70 )im; with such a fiber-modulator separation theoretically an insertion loss in the 

vicinity of 1 dB is possible. But in addition to the loss due to the beam divergence 

light loss arises from an angular misalignment and light scattering at the anti-

reflective coated silicon-fiber interface. The hole was fabricated by 

crystallographically selective wet etching, which introduces a surface roughness of 

0.1 urn Ra. 

When a voltage is applied an electrostatic force arises between the two mirrors and 

the free standing polysilicon membrane is deformed. To put the modulator in its low 

reflecting state the voltage has to be increased until the air gap gets close to the 

wavelength, i.e. for different wavelengths different actuation voltages will be 

necessary. Figure 3.27 shows the voltage-reflection curve for a wavelength of 1260 

nm, 1300 nm and 1350 nm. At 1260 nm the deformation must be higher than at 
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1300 nm or 1360 nm to put the Fabry-Perot in optical resonance. Therefore the 

applied voltage must be higher at shorter wavelengths. At a wavelength of 1360 nm 

the extinction voltage, i.e. the voltage with the minimum in reflectivity, is 78 V, at 

1300 nm the extinction voltage is 87 V and at 1260 nm already 92 V are necessary. 

Whereas at 1360 nm an On-Off ration higher than 15 dB is achieved, at 1300 nm 

and 1260 nm the On-Off ratio gets smaller but stays above 9 dB in any case. This 

reduction in the modulation contrast is due to a slightly too thick polysilicon 

membrane on the one hand and to the increased membrane bending at shorter 

wavelengths on the other hand. In both cases the reflectivity of the free standing 

membrane is reduced at shorter wavelengths. 

i n __ 

40 50 ¿O 

Voltage (V) 

Figure 3.27: Normalized reflectivity of the modulator as a function of applied 

voltage for 1360 nm, 1300 nm and 1260 nm. 

To modulate the reflectivity between 80 % and its minimum, a 17 Vpp signal must be 

superimposed on a bias voltage of 69 V at 1360 nm. At 1300 nm and 1260 nm 5 

Vpp signal is already sufficient, whereas the bias voltage must be higher. At shorter 

wavelength the modulation signal can be lower because of the non-linear character 

of the electrostatic force, which is proportional to V2Zd2, where V is the bias voltage 
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and d the gap between the electrodes. Therefore at a higher bias voltage a 

superimposed modulation signal yields a higher deformation amplitude. 
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Figure 3.28: Spectral response of the modulator at 0 V, 81.8 V1 87.7V and 92.2 

yielding a minimum in reflectivity at 1340 nm, 1300 nm and 1260 nm. The 

vertical scale is in dB. 

Figure 3.28 shows the spectral response of the back-illuminated modulator at 

different voltages. At 0 V the reflectivity is constant within 1.5 dB with a spectral 

ripple of 0.8 - 1 dB superimposed. This comes from a residual backreflection of 

about 0.5 % in the alignment hole at the silicon - fiber interface. This wavelength 

ripple is relatively increased in the low reflection state, but is of reduced importance' 

here. For an applied voltage of 81.7 V the reflectivity is reduced by 12-15 dB around 

1340 nm. Here the spectral width of the 10 dB attenuation is 10 nm. As for the 

measurement of Figure 3.27 also the spectral response shows a reduction of the 

contrast at shorter wavelengths. But due to the ripple with a narrow-band laser the 

contrast can increase considerably. 

Because the Fabry-Perot principle is based on interference effects the modulator is 

inherently wavelength dependent. With a spectral width of approximately 10 nm also 

wide band laser diodes can well be modulated. But to compensate for wavelength 

drift and to be able to adapt automatically to different wavelength a feed back control 

of the bias voltage of the modulator is necessary. This can be realised by mounting 

a monitor photodiode on the modulator. This photodiode will also be used for 

detecting the downstream data signal. 
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3.4.2.2. Dynamic response 

The maximum modulation speed of the Fabry-Perot is limited by the mechanical 

movement of the free standing membrane. The movement of the membrane can be 

described as a damped spring - mass system. The modulation bandwidth of such a 

mechanical system is maximum if overshot ringing and overdamping is avoided, 

thus the damping should neither be too weak nor too strong i.e. close to critical. This 

is achieved by ajusting the width of the free-standing membrane and operating the 

device at atmospheric pressure to take advantage of air damping. Figure 3.29 a) 

shows the large signal step response of the modulator to a 3.5 Vpp square wave at 

a bias voltage of 84.5 V. The response is slightly underdamped with some overshot 

cycles corresponding to a Q value of 1.6. Their amplitude is about 10 % of the 

maximum signal. This overshot ringing is low enough to allow a clear definition of 

the On and Off state at a speed as high as the resonance frequency. Figure 3.29 b) 

shows a close-up view of the rise and fall time of the modulator. The fall time form 

90 % to 10 % is 170 ns, whereas the rise time form 10 % to 90 % is 200 ns. This 17 

% slower rise time is explained by nonlinear damping, which is slightly higher in the 

rise cycle than in the fall cycle. 

a) b) 

Figure 3.29: Large signal step response to +/- 3.5 V square wave with a 84.5 

bias voltage. A) modulator response at 220 kHz. (Time scale: 0.5us/div) 

B) close-up view of rise and fall times. (Time scale: 0.05us/div) 
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According to Figure 3.30 the -3 dB small signal bandwidth is 1.64 MHz. The Q-value 

is 1.5, which is low enough to keep the influence of the overshoot ringing small. The 

modulator characteristics are summarized in Table 3.6. 

— 
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Figure 3.30: Small signal frequency response of a cross type membrane. The 

3 dB bandwidth is 1.64 MHz. 

Table 3.6: Measured Modulator Characteristics: 

wavelength 

1260 nm 

1310 nm 

1360 nm 

Insertion 

loss 

< 3 d B 

On-Off ratio 

9 dB 

1OdB 

15 dB 

Blas 

Voltage 

90 V 

84 V 

69 V 

Modulation 

Voltage V^1 

5V 

7V 

17V 

rise time 

200 ns 

If we compare the frequency response of the 60 ^m long cross membrane with a 

simple beam design of 55 urn length we can observe a similar bandwidth with a 

resonance frequency at atmospheric pressure of about 1.4 MHz, but the damping is 

considerably weaker. At resonance an amplitude increase of about 5 dB is 

observed, which corresponds to a Q-value of about 4. 

In order to reduce further the overshot ringing we have fabricated beam and cross 

type membranes with larger widths. It was observed, that the frequency response 

becames non-linear if the width was too large. Already above 100 kHz a first 

attenuation of about 3 dB was observed and at resonance a peak of 3 - 5 dB was 

still present. The step response of such non-linear modulators showed different 
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response times for the rise and fall cycle. For beam type membranes with an initial 

airgap height of 1.55 pxr\ the maximum width was 45 ^m to keep a linear damping 

response. For cross type membranes the maximum width was 30 jam. 

0.1 1 

Frequency [MHz] 
10 

Figure 3.31: Frequency response of a beam-type modulator. Resonance 

frequency is at 1.4 MHz at a bias voltage of 70 V. The Q-value is 4. (Length 55 

|im; Width 40 ^m) 

3.4.3. Low Speed Modulator 

3.4.3.1. Static response 

Many applications like battery powered communication links require a low power 

consumption and thus a low operation voltage. To reduce the operation voltage the 

membrane has to be made softer, and thus modulation will become slower. It has 

been shown with equation (3.25), that there is a linear dependence between the bias 

voltage and the modulation bandwidth. Figure 3.32 shows the static response of the 

reflectivity of a 130 urn long modulator. The DC bias voltage is only 24 and a +/- 2 V 

signal is sufficient to modulate at an extinction ratio over 12 dB. 
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Figure 3.32: Static reflectivity response of a modulator of reduced speed. 

Necessary bias voltage is 24 V. On-Off ratio is 12 dB. 

3.4.3.2. Dynamic response 

Contrary to the high speed membranes where damping is too weak, the damping of 

membranes with a resonance frequency of a few 100 kHz is too strong and it has to 

be reduced by venting holes in the membrane. As shown in Figure 3.33 the 

frequency response can be very flat with almost no overshot with appropriate 

venting holes in the membrane. Below modulator shows a resonsonce frequency of 

about 200 kHz. Damping is almost critical with an amplitude increase of only 1.5 dB. 

The maximum modulation rate of this modulator was measured to be over 600 

kBit/s. Typical modulator performance is summarised in Table 3.7. 

Table 3.7: Typical modulator performance of low speed modulator 

On/Off ratio 

9-13 dB 

bias Voltage 

20 - 25 V 

modulation Voltage 

±2 V to ±4 V 

bandwidth 

0.6 Mbit/s 

Q-value 

0.5-2 
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Figure 3.33: Dynamic response of a modulator with reduced speed. Venting 

holes in the membrane allow to adjust a critical damping. 
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3.5. Conclusions 

In this chapter we have reported on the design, fabrication and characterisation of a 

reflective modulator for telecommunication applications. The micromechanical 

modulation principle presents the advantage of released packaging tolerances and 

inherent polarisation insensitivity. When the modulator is combined with a receiving 

photodiode a compact receiver-transmitter microsystem can be built which has a 

very low cost potential. Figure 3.34 shows a schematic view of such a transceiver. 

Based on the modulator developed in this thesis Ascom Tech has built a 

micromechanical receiver-transmitter microsystem and Figure 3.35 shows an 

example of a fully packaged device. 

Figure 3.34: Modulator-receiver microsystem 

In the first part of the chapter the choice of the Fabry-Perot modulation principle was 

motivated. Realized in the surface micromachining technology the electrostatic 

Fabry-Perot modulator offers the highest speed compared with other 

micromechanical solutions. Nevertheless the interference based modulation 

principle is inherently wavelength dependent. To circumvent this drawback torsion 

mirrors may be a good solution, but for low speed applications only. 

In the second part of the chapter the optical and mechanical behaviour of the 

modulator was modelled and simulated in detail. With the combination of these 

simulations the electro-optic response of the modulator could be calculated taking 
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into account variations in the operation wavelength and possible errors in the layer 

thickness. Simulations were focused on high speed modulators with a bandwidth 

above 2 Mbit/s. For a perfect thickness of the mirror layers the extinction voltage, i.e. 

the voltage at which the minimum of reflectivity is reached, was simulated to be 75 V 

at a wavelength of 1350 nm. This value increases for shorter wavelength to become 

over 90 V at a wavelength of 1250 V. The modulation voltage, i.e. the voltage to 

modulate between 0% and 80% of reflectivity, has been simulated to be over 20 V at 

1350 nm, whereas at 1275 nm already 8 V are sufficient. An unfortunate 

combination of errors in the mirror thickness can increase the wavelength 

dependence and reduce the On-Off contrast. 

Another point of interest of the modelling chapter have been the speed limits of the 

micromechanical modulation principle. It has been shown, that the bandwidth is 

limited by air damping to 3 - 6 Mbit/s. For a higher frequency the damping becomes 

too weak and overshot ringing appears. 

Than a short overview over the fabrication process is given. The fabrication is based 

on the well established polysilicon surface micromachining technique. Care has to 

be taken to ensure a good precision of the layer depositions. Typically a ± 5 % 

reproduceability was achieved. For the polysilicon mirrors this has been sufficient, 

but the sacrificial oxide should be defined within ± 2 %. Another difficulty of the 

fabrication arises from the back side hole, which is used to align the fiber and to 

bring it sufficiently close to the modulator. This hole has to be etched and aligned 

with a good precision. 

The last part of the chapter deals with the characterisation. The insertion loss of 

packaged modules was below 3 dB, with typical loss values around 2 dB. The On-

Off contrast is typically around 10 dB. A maximum modulation rate of Fabry-Perot 

modulators over 3 Mbit/s has been obtained. Although the modulator shows good 

optical performance, the electrical operation is not straightforward. To drive 

modulators at these high frequencies a bias voltage up to 100 V is necessary. The 

modulation voltage is between 5 Vpp up to 15 Vpp, depending on the wavelength. 

Also layer thickness variations can change the operation voltages. Therefore the 

modulator characteristics may change from one fabrication run to the other if the 

layer thickness cannot be exactly reproduced. To get a good modulation contrast 

over a wide wavelength range a feed-back control of the driver voltage is necessary. 
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Figure 3.35: Packaged Modulator-Receiver module. 

The high operation voltage and the need for a feed back control are drawbacks, 

which reduce the attractivity of the micromechanical modulator. On the other hand 

the reflective modulation principle has the inherent advantage of wavelength 

conservation, which is an important feature for wavelength division multiplexed 

(WDM) systems. 

For various applications a bit rate of only a few hundred kbit/s is sufficient. We 

showed that for such modulators the operation voltage and therefore also the power 

consumption is considerably lower. In particular we have fabricated a 625 kbit/s 

device which needs a 25 V bias voltage and 4 Vpp modulation voltage. 
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Chapter Four 

Fiber Optic Switch 

4.1. introduction 

4.1.1. Fiberoptic Switching 

Switching of light from one input fiber in either of two output fibers is becoming 

increasingly important to allow reconfiguration of fiber optic networks down at the 

optical level. Especially for network reliability there is a growing interest for low-

speed, polarisation and wavelength insensitive switches. For many applications the 

speed of the switch itself can be in the range of a millisecond, which is accessible 

for micromechanical devices. 

Bar State 

3= 

J 
Cross State 

Figure 4.1: Functional principle of an optical 2x2 switch. Light from 

input fiber 1 can be directed into output fiber 3 or 4. 
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Figure 4.1 shows the functional principle of a 2x2 switch. In the bar state the light 

from input fiber 1 respectively 2 is coupled to output 3 and 4 respectively. In the 

cross state the light from input 1 is redirected to output 4, and the light from input 2 

is redirected to output 3. 

Figure 4.2: Schematic view of a network ring configuration with a By-

Pass-Switch, which allows to operate the ring also with a node out of 

service. 

Figure 4.2 shows a possible use of a 2x2 switch as a "by-pass-switch" in an fiber 

optic network ring in order to increase its reliability. Every network node receives an 

optical data stream which is converted into electrical data in the photodetector. The 

data processing of the node transmits the data which are destined to other nodes, 

i.e. the electrical data is again converted into an optical signal in the laser diode. If 

this network node now shuts down, for example because of a power shortage or 

because of maintenance work, the network node has to be by-passed, to allow the 

network ring to continue operations. The optical data are transmitted to the next 

node passively without processing and amplification. To do this the by-pass-switch 

commutes into its cross state and the data stream no more enters into the node but 

is directly reflected into the output fiber and passively transmitted to the next node. 
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A wide variety of principles have been proposed for fiber optic switches. They can 

be grouped in two families based either on optical effects in waveguides, or on the 

mechanical movement of a mirror or the fiber itself. 

Optical waveguides can be integrated on many different substrates, such as plastic, 

silicon, IU-V materials and LiNb03. In GaAs1 and LiNb032 the electro-optic effect 

can be exploited for the construction of switches and hole switch matrixes3. In 

silicon" and InGaAsP/lnP5 the carrier induced refractive index change is an effect 

that can be used for waveguide based switches. Electro-optic and carrier-induced-

refraction-index-change switches allow a very high switching speed over 1 GHz. 

Their operation principle ¡s either interferometric or mode sorting. All the same for 

network reconfiguration and reliability there is a considerable interest in low cost 

switches with a switching speed of around one millisecond. For such medium speed 

applications the waveguide based thermo-optic switch has been proposed, which 

has the advantage of a more versatile operating principle. It is based on a so called 

adiabatic waveguide crossing6, i.e. a mode sorting switch, where switching occurs 

when one branch of a crossed waveguide structure is heated. The waveguide itself 

can be made of various materials. Low cost approaches are based on polymer 

waveguides7,8,9 or silica layers10; both can be deposited and structured on silicon. 

But also mechanical switches allow a switching speed in the range of a few 

milliseconds. In addition to their availability they show good optical performance, i.e. 

low loss and high isolation. Most currently available mechanical switches are 

fabricated using conventional machining. These switches are built up out of macro-

mechanical parts and are based on the mechanical displacement of fibers11,12,13 

moveable waveguide structures'4, a thin movable mirror15 or the rotation of a 

mirror15. 

Others have built up switches using conventional modulators based for example on 

the liquid crystal technology17. 

4.1.2. Micromechanical Fiber-Optic Switches 

In order to reduce fabrication costs and to increase switching speed, silicon 

micromachin i ng techniques have been explored to fabricate mechanical fiber optic 

switches. Inspired from the conventional mechanical switches micromechanical 
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devices were developed, where the fibers are moved with a thermal actuator18 or 

with electrostatic actuation of metallized fibers19,20. In such a switch the fiber has to 

be deformed at least 125 pm, which corresponds to the fiber diameter. For 

integrated actuators 125 urn presents a too large distance to be practical. Therefore 

it has been proposed to combine the silicon micromachined motherboard with 

conventional magnetic actuation21,22. To reduce the necessary fiber deformation 

Oilier et al. have used integrated optical waveguides, which are bent by an 

electrostatic actuator23. 

As shown in Figure 4.3 another way to achieve fiber optic switching is to use 

micromirrors. Light is no more coupled directly between the mobile waveguides, but 

the switching is achieved by a mobile mirror and the waveguides remain fixed. In the 

first configuration the micromirror is brought into the optical path by a linear 

displacement24,25 or by a 90° out of plane rotation26 of the mirror. Thus in the bar 

state the mirror is outside of the optical path. In the second configuration the light is 

always reflected by the mirror but can be redirected in different fibers by a rotation of 

the mirror27. 

Figure 4.3: Micro-Mechanical principles for fiber-optic switches. 

4.1.3. 2x2 Switch Based on Plasma Etched Vertical Mirror 

Our switch is based on the mechanical movement of a vertical silicon mirror which 

can be moved into the optical path between two pairs of single mode fibers. Figure 
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4.4 shows a top view of the switch in bar and cross position. In order to minimise 

coupling loss the fibers have a tappered end, so that they can be put closer 

together. In the bar state light from fiber 1 is coupled into fiber 3 and light from fiber 

2 into fiber 4. In the bar position the vertical mirror reflects the light from fiber 1 by 

an angle of 90 ° into fiber 4. Light from fiber 2 is reflected into fiber 3. 

a) OFF b) ON 

Figure 4.4: Top view of 2x2 switch in a) bar and b) cross state. 

The integration on silicon of vertical mirrors with optical quality is a challenging task. 

Several fabrication techniques have been explored. It has been proposed to use 

KOH etching of <110> silicon to fabricate vertical mirrors28. Others worked with 

controlled underetching of (100) planes in <100> wafers2930. These mirrors have to 

be aligned with the crystal directions, which limits the geometrical freedom to define 

other mechanical structures like suspensions and actuators in the same etching 

step. With these mirrors only very simple actuator functions and passive elements 

like splitters, attenuators and couplers have been realized. 

More sophisticated mirror structures can be fabricated by using thick film 

photolithography and electroplating. In Reference31 a vertical mirror-actuator 

structure was fabricated by standard UV light lithography of thick photoresist and 

subsequent electroplating. The movable mirror was used to tune a laser diode32. 

The LIGA technique, a x-ray based lithography with galvanic filling of the mold, can 

produce more vertical and higher electroplated structures than with UV-light based 

thick film photolithography. In Reference25,33 a 2x2 switch is presented, which is 
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similar to our design. The vertical moving mirror is fabricated by the LIGA technique. 

To reduce coupling loss the design uses ball lenses, which have to be assembled 

individually34. 

Another technique for fabricating high aspect ratio vertical mirrors is based on 

conventional polysilicon micromachining. The vertical mirrors are fabricated by 

rotating hinged polysilicon structures out of plane35. It has been shown, that these 

mirrors can be integrated together with lenses36, sensor and actuator structures37,36 

to form micro-optical benches on a chip. A potential application of such a 

micromachined optical bench has been demonstrated in Reference39 as a bar-code 

reader. 

In our design no postprocessing or assembly of other parts than the fibers is 

necessary: The fabrication of the vertical mirror is based on the new possibilities of 

deep anisotropic reactive ion etching4041 to fabricate the mirror together with the 

suspension, actuation and fiber-alignment structures in one processing step. 

Figure 4.5 shows a schematic view of the vertical mirror switch. The switch is 

composed of a small beam etched out of silicon which forms the vertical mirror. 

A ^ Comb Actuator 
A Eh \ \ 

A ^ ^ Single Mode Fiber 
^ i TjrJt- ^ V e r t i c a l Mirror 

Figure 4.5: Schematic view of the micromechancial switch. It consists 

of a metallized vertical silicon mirror which can be moved by 

electrostatic comb actuators into the optical path between two pairs of 

fibers. 
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The mirror structure is suspended by folded spring suspensions, which have a high 

compliance in the direction parallel to the mirror plane. In all other directions the 

suspensions should be as stiff as possible to suppress parasitic mirror 

displacements and undesired vibrations or even instabilities. The mirror can be 

actuated by so called comb drive actuators"*,d3. They work with electrostatic forces. 

The spot diameter of the light beam is about 10 u.m. The mirror moves in a 45° angle 

to the light path, thus the minimum mirror displacement is -Jl * 10 urn = 14.1 \\m. In 

order to account for positioning tolerances and to prevent light diffraction at the 

mirror edge, the minimum displacement should be 20 urn. In the push-pull 

configuration shown in Figure 4.5 one of each comb actuator has to generate a 10 

|jm displacement. 

4.2. Design Considerations 

4.2.1. Optical Design Considerations 

4.2.1.1. Metal coated silicon mirror 

In order to increase the reflectivity of the vertical silicon mirror, it has to be metal 

coated. Figure 4.6 shows a schematic arrangement of the vertical mirror in between 

the two pairs of optical fibers. In order to minimize the light loss the mirror should 

have a maximum reflectivity and a minimum thickness. 

Figure 4.6: Reflection on a metal coated silicon mirror for the fiber 

optic switch application. 



88 Fiber Optic Switch 

The reflectivity of the metal coated silicon increases with increasing film thickness 

but saturates to the reflectivity value of the bulk metal when the film gets sufficiently 

thick44. Using standard thin film interference theory45 and tabulated values for the 

complex refractive index46 we have calculated the reflectivity of various metals on 

silicon substrates at a wonting wavelength of 1.3 urn. Figure 4.7a) shows the 

reflectivity as a function of layer thickness at normal incidence. It can be seen, that 

an aluminium coated mirror reaches its maximum reflectivity of 97 % at a film 

thickness of 40 nm already. Gold films also result in a good reflectivity of 97.5 % at a 

layer thickness of only 60 nm. Other current micromachining materials like nickel 

and chrome have smaller reflectivities of only 72 % and 63 % respectively. A good 

reflectivity alone is not sufficient for a good mirror in a switch application. Also the 

light transmission should be attenuated below 1 ppm in order to get a channel 

insulation over 60 dB. For aluminium coated mirrors the light transmission falls 

below 1 ppm when the aluminium film has a thickness above 100 nm. For gold 

coatings a minimum layer of 170 nm is necessary and for nickel and chrome 

coatings the thickness should even be over 270 nm and 320 nm respectively. 

a) b) 

50 100 150 
Metal Thickness [nm] 

40 60 
Angle [deg] 

Figure 4.7: Simulated reflectivity (X = 1300 nm) of a metal coated 

silicon surface as a function of a) metal thickness (at normal 

incidence) and b) incidence angle (for layer thickness 120 nm). 

Similar to dielectrics the reflectivity of metallic surfaces becomes polarisation 

dependent for non-normal incidence angles. This polarisation sensitivity depends on 

the metal and on the incidence angle. Figure 4.7 b) shows the polarisation 
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dependence as a function of the incidence angle for aluminium and nickel mirrors. At 

a 45° incidence angle the high reflectivity aluminium mirror has a polarisation 

dependence of only 1.1 %, whereas the nickel mirror with the lower reflectivity also 

manifests a more pronounced polarisation dependence of 11 %. Results of above 

calculations are summarised in Table 4.1. 

Table 4.1: Simulated thin film mirror characteristics at a wavelength of 

1300 nm. 

refractive index41' 

reflectivity 

min. thickness for 

transm. < 1 ppm 

pol. sens, at 45° 

Gold 

0.4+8.3Ì 

97.5 % 

170 nm 

0.9 % 

AIu 

1.3+13Ì 

97% 

100 nm 

1.1 % 

Nickel 

2.9+5.1Ì 

72.1 % 

270 nm 

11.4% 

Chrom 

4.53+4.3Ì 

63% 

320 nm 

16% 

4.2.1.2. Effect of surface roughness 

When light illuminates a rough surface the reflected beam no longer remains straight 

but fractions of the light are scattered in different directions. This property has been 

used to measure the surface quality of optical components and mechanical parts as 

well. For optical surfaces even a small degree of roughness produces measurable 

light scattering. The theoretical description of scattered light on a gently sloped 

surface is possible with the Kirchhoff formalism47, where the scattered field is given 

by the phase integral over the illuminated region. It can be shown, that the angular 

distribution of the reflected light is proportional to the power spectral density of the 

surface height as long as the rms roughness stays below 5 % of the wavelength48. 

In our application we are only interested in the total amount of scattered light. In the 

case of a gently sloped surface with a Gaussian distribution of the surface height the 

amount of scattered light can be estimated from the rms surface roughness u using 

the relationship49: 

- f s - s l -e 1 A > { 4 . 1 ) 
'ini 
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,where Pscai 'S the flux of light scattered away from the specular direction, Pf0, is the 

total reflected flux. 9, is the incidence angle and I is the wavelength of the light. 

Using this formula the amount of scattered light is calculated for different rms 

surface roughness and resumed in Table 4.2. The light loss due to scattering 

remains below 10 % as long as the rms surface roughness is smaller than 47 nm or 

3.6 % of the wavelength. 

Table 4.2: Calculated amount of scattered light at 7.=1300 nm and an 

incidence angle of 45 ". 

a 

% 

5 nm 

0. 12% 

10 nm 

0.47 % 

25 nm 

2.9 % 

50 nm 

11% 

100 nm 

37% 

4.2.1.3. Effect of mirror vertical i ty on coupling loss 

An important characteristic of fiber optic devices is their insertion loss, i.e. the 

efficiency of the light connection. For a longitudinal separation of 50 firn between two 

single mode fibers the theoretical coupling loss due to the Fresnel reflection at the 

fiber ends and and due to beam divergence stays below 1 dB (at a wavelength of 

1.3 (im) even without a lensed fiber end. Thus the light coupling between single 

mode fibers can be very efficient as long as there is no transversal and no angular 

offset and as long as the distance between the fiber ends can be kept below 50 jam. 

All the same the diameter of single mode fibers is standardised to be 125 (im. To 

bring more than two fibers closer together than their cladding diameter the fiber end 

can be machined down to the core diameter. 

When the light beam is not coupled directly between two fibers but reflected in 

between on a mirror, an additional coupling loss is introduced because of this mirror. 

First the mirror has a non zero thickness which results in a transverse offset of the 

beam. In addition the vertically of the mirror is not exactly 90° and an angle error is 

also introduced. Light coupling between single mode fibers is quite sensitive to 

angular (tilt) and transverse offset alignment errors. The loss due to these two 

imperfections is estimated with the coupling theory of Gaussian beams50. In Figure 

4.8 the coupling loss between two fibers ¡s plotted, when the beam is reflected by 

90° on a mirror placed in the middle between the two fibers. The coupling efficiency 
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is plotted as a function of the vertically error of the mirror and for different mirror 

thickness which result in a transverse offset. The distance between the fiber ends is 

assumed to be 50 firn. 

31 1 J 1 1 

0 0.5 1 1.5 2 
Mirrar Angle [ 

Figure 4.8: Coupling loss as a function of mirror verticallity at different 

mirror thickness. Longitudinal fiber sepe ration is 50 ^m. 

It can be seen from Figure 4.8, that to keep losses below 2 dB the mirror thickness 

should be smaller than 3.5 jam for a vertically of 90°. For an angle error of 0.7° the 

mirror thickness should be as low as 2 jim to obtain a coupling loss still below 2 dB. 

4.2.2. Electro-Mechanical Design Considerations 

4.2.2.1. Comb actuator 

The vertical mirror is driven by a so-called electrostatic comb-drive actuator42,43, 

which is schematically described in Figure 4.9. 
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Figure 4.9: Comb-drive-actuator 

The two comb structures are electrically insulated, one of them is fixed, whereas the 

other is mechanically connected to the suspension spring and the mirror structure. 

The second comb structure is thus moveable. When the comb structure is moved 

the capacitance is increased according to equation (4.2). 

C = InE 
'wh (l + x)h 

d-x 
(4.2) 

C is the capacitance formed by the comb structure, assuming a homogenous 

electrostatic field, n is the number of comb fingers of one side of the actuator, w is 

the width of the fingers, d is the distance between the finger tip of one comb and the 

comb base of the other comb, x is the comb displacement, I is the overlapping of the 

comb at zero displacement, h is the comb height and g is the gap between the comb 

finger as shown in Figure 4.9. The first term of above equation expresses the 

capacitance between the finger tips whereas the second term is the capacitance 

between the finger sidewalls. 

When a voltage is applied between the two comb electrodes, a force is generated 

which equals: 

'•-£•" (4.3) 
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according to equation {4.2), Fx becomes: 

^ " • " Í T T V ^ I (4-4) 

The first term of this equation expresses the force generated by the parallel plate 

capacitors of the finger tips, it increases with a quadratic term in the denominator. 

When x becomes close to d, i.e. when the finger tip gets close to the comb base, 

this term diverges. As shown for the reflecting modulator this term can lead to a pull-

in behaviour. To prevent the comb-electrodes to touch each other mechanical 

stoppers are integrated, which limit the maximum displacement. The second term 

arises from the finger side-walls; it is a constant and doesn't depend on the 

displacement x. For small displacements the force due to the sidewall capacitor is 

much larger than the force from the finger tips. If the finger width w is assumed to be 

similar to the gap width g, then the first term is small as long as the distance (d - x) 

is larger than the gap g. Pull-in occurs when the first term which is non-linear with 

displacement x gets much larger than the second term, i.e when the distance (d - x) 

is smaller than the gap g, for a finger width w similar to the gap g. 

Figure 4.10: The comb can be arranged a) in a push-pull or b) in a one 

way configuration. 
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As schematically shown in Figure 4.10 the comb actuator, which has to move the 

mirror, can be arranged in either a push-pull configuration or simply in a one way 

configuration. In the push-pull configuration the mirror can be moved forwards and 

backwards. This allows to have shorter comb fingers. The pull-in behaviour can be 

exploited to obtain a reduced driving voltage. Also during switching the mirror 

passes from one actuated position into the other, where the same amount of energy 

is stored in the suspension springs. The overshoot ringing is suppressed by the 

stopper electrodes. In addition the switching speed is considerably increased, 

because both the restoring spring force and the electrostatic actuation push the 

mirror. A drawback of this push-pull design is that the switch needs to be powered in 

either of its bar or cross state, i.e. when power is turned off the mirror is in a 

intermediate position. This can't be accepted for a by-pass switch, which has to 

spring into a well defined state when power shuts down. For these applications only 

the one-way configuration is useful. 

The electrostatic force is counterbalanced by a spring force of the form: 

F1 = ktx ( 4.5 ) 

The suspension spring is formed by thin etched beams, which have two beams in 

parallel to increase to spring constant in the transverse direction. 

Figure 4.11: Spring meander with high stiffness in the transverse 

direction. 
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The spring constant in x-direction can be calculated with elastic beam theory. A 

double beam with both ends guided as shown in Figure 4.11 has a spring constant 

of51: 

Ì2EI 
K=^T (4 .6) 

where I is the moment of inertia of the cross section, I the length and E the Young's 

modulus. Single crystal silicon is an anisotropic elastic crystal. The Youngs modulus 

depends on the crystal direction and can vary between 150 and 194 GPa. To 

simplify we assumed a isotropic Young's modulus of 170 GPa. In the actual design 

the mirror-actuator structure is suspended by four of above springs. The final spring 

constant is thus 4 times equation (4.6). 

With equations (4.5) and (4.6) the static behaviour of the actuator is described. 

These equations can be solved numerically. If we assume the force due to the 

parallel plate finger tips small compared to the force due the finger sidewalls an 

analytical solution for the driving voltage Vsw¡tCh exists: 

ne h i/ ne/3 K„>, = ,Mr^f = J „T ( 4.7 ) 

For a thickness t of the spring beams of 2 ^m and a length I of 450 firn, a maximum 

displacement xmgx of 25 ¡im, a finger sidewall gap of g = 4 [im, a number of fingers 

on one side of n = 100 we obtain a switching voltage Vswoch = 80 V. For the push-pull 

design the maximum actuator course xmax is only 10 jim, which reduces the 

switching voltage to 50 V. In this calculation we neglect the influence of the finger 

tips, the actual driving voltage will therefor even be lower. 

The switching lime r is in the order of half the cycle time of a resonant cycle: 

i i fin , 
T S 2 T : " " V T ( 4-8 ) 

To reduce the switching time the mass of the actuator shoutd be reduced as much 

as possible. The speed can also be increased by a stiffer suspension, but at the 

same time the driving voltage is increased according to equation (4.7). In equation 
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{4.8) the effect of the applied voltage on the speed is not taken into account; actually 

applying a higher driving voltage also reduces the switching time, because in the 

push-pull configuration the electrostatic force can be used to act in the same 

direction as the mechanical spring force. In this configuration it is preferable to have 

very compliant springs and to adjust the switching time be an increased voltage. 

4.2.2.2. Transverse stability of comb actuator 

In comb drive actuators the driving voltage can not be increased as much as one 

would like. On the one hand the moveable beam, where the comb fingers are 

attached, can be bent so much that the comb fingers touch the opposite electrode; 

this results in a short circuit and in breakdown. On the other hand a mechanical 

instability may arise in the transverse direction52. In the above mechanical 

description the problem is reduced to a problem of only one dimension. But the 

suspension springs and also the electrostatic actuator can generate forces also in 

the transverse y direction. If Ay expresses the transverse displacement of the comb 

structure out of the center, the electrostatic force in y direction can be expressed by: 

F^LEV^ + X) 1—L—-—!-J <4.9) 

• 2 U S - J O (s + y) J 

Figure 4.12: A perpendicular force apears if the comb strucure is out of 

center. This force acts in the same direction as the y-displacement and 

can result in mechanical instability. 

In the center position the forces due to the perpendicular parallel plate capacitors 

compensate each other. If a small displacement in the y direction is introduced, this 
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equilibrium is not maintained anymore. A net electrostatic force appears oriented 

parallel to the displacement. Thus a sort of positive feedback is exerted on every 

transverse displacement. To ensure mechanical stability the spring force of the 

suspension beams in the y direction has to be larger than this electrostatic force to 

bring back the comb into its center position, where the transverse electrostatic 

forces are neutralised. Small displacements in the y direction can always occur due 

to vibrations and air noise. The stability criterion requires that the spring constant in 

the y direction is always larger than the first derivative of the electrostatic force: 

dFv 
kr>—± (4 .10) 

Introducing equation (4.9) yields: 

A, > 2O)K1L ̂ ¾ = - (4.11 ) 
g 

If we replace Vn^x, the maximum voltage before instability, by the switching voltage 

of equation (4.7) we obtain the minium value for the ratio between the spring 

constant in longitudinal and transverse directions: 

^ ) 2 ^ ; ^ (4.12) 

The above equation shows that the gap distance g has a very strong effect on the 

necessary ratio of the spring constants and on the stability - it is in the second order 

in the denominator. Thus very small gaps, although they would reduce the driving 

voltage, can introduce mechanical instability. But the instability doesn't depend on 

the number of fingers n; the maximum displacement xmax also limits strongly the 

stability. According to the above equation the ratio of the spring constants should be 

higher than 100 to allow a maximum displacement of 25 u,m at a finger sidewall gap 

of 4 firn. For a maximum displacement of only 10 (im in the push-pull configuration 

the spring constants ratio must only be higher than 20. The risk of a transverse 

instability is therefore much lower for comb actuators with reduced course. 
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To determine the spring constant in the transverse direction no simple analytical 

expression can be found. Therefore we have used finite element simulation with the 

Ansys© program to determine the spring constant in the y direction. For a beam 

thickness of 2 (im and a spring length of 450 |im the k¿kx ratio was evaluted to be 

150, thus higher than the minimum requirement of 100. A stable operation is 

therefore possible over the hole displacement range of 25 jam. 

4.3. Fabrication 

Fabrication uses only a single mask and is explained in Figure 4.13. It starts with a 

photolithography on Silicon-on-Oxide (SOI) wafers to define the structure including 

mirrors, alignment grooves, actuators and suspension springs. We used 

conventional positive photoresist with a thickness of 2.2 jam. The height of the 

device layer has to be chosen in order to satisfy the application requirements, i.e. for 

single mode fibers a height of 75 urn is sufficient to cover the fiber core well. The 

spot diameter of single mode fibers is typically 10 urn and is located between 10 jam 

and 20 urn below the wafer surface. At this depth verticality and surface quality 

should be best. 

Figure 4.13: Fabrication of vertical mirror by DRIE. a) photolithography 

b) 75 urn vertical reactive ion etching c) sacrificial layer etching d) 

vertical mirror metallisation and assembling of single mode fiber. 

The key fabrication step is the vertical deep reactive ion etching (DRIE) of the 75 urn 

device layer. New developments in deep reactive ion etchers allow to fabricate 
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vertical structures with an aspect ratio above twenty53,54. Our device was etched on 

a commercial DRIE etcher from STS Ltd., (Gwent, UK) using an inductively coupled 

plasma (ICP) technology. With an ICP source etching can be done at lower 

pressures, which allows for an improvement in the profile control. In addition a 

proprietary sidewall passivation technique is used53. 

Figure 4.14: Vertical mirror and fiber grooves for tappered fibers 

fabricated by DRIE. 

The etch selectivity between photoresist and silicon is about 1 : 50. Etching is 

stopped, when the buried oxide is reached. An example of an etched mirror is shown 

in Figure 4.14. 

A critical step during the DRIE etching is when the last silicon above the buried 

oxide is removed. Due to the so called RIE lag or microloading effect54 the small 

trenches are etched slower than larger ones. For our device we have to open 125 

urn wide trenches for the optical fiber and at the same time small gaps for the comb 

drive actuator. While etching is continued to completely open the small trenches, the 

silicon dioxide layer is already reached in the fiber grooves. In this region the etching 

chemistry changes, because no more silicon has to be removed; this can lead to 

degradation of the surface quality of the walls above the buried oxide and cause 

considerable underetching especially in narrow trenches where the sidewall 

passivation is weaker. Figure 4.15 shows such a region where the underetching 
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along the buried oxide has completely freed the microstructures. Whereas the mirror 

of the wider trench in Figure 4.14 is intact almost down to the buried oxide. 

Figure 4.15: Extreme case of overetching at the buried oxide interface. 

After the plasma etching the resist is stripped. To free the mechanical structures the 

2 ^m thick sacrificial silicon dioxide layer is etched in hydrofluoric acid. During the 

drying after the sacrificial layer etching the movable structure may be pulled down to 

the substrate due to the capillary forces. Since the surface quality at the oxide 

interface is optically polished, the moveable structures stay easily bonded to the 

substrate. This sticking can be prevented as for the polysilicon micromachined 

structures by special rinsing and drying processes. But it was observed, that when 

an underetching along the buried oxide is performed by overetching during the 

plasma etching step, as shown in Figure 4.15, the sticking problem was also 

eliminated. On the one hand the gap is increased, but on the other hand the surface 

roughness is so high that no permanent bonding can occur anymore. 

Finally to increase the reflectivity of the vertical mirrors, the silicon is aluminium 

coated. This is done by e-beam evaporation, where the wafers are oriented in an 

appropriate direction. 
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Figure 4.16: The vertical mirror is actuated by electrostatic comb 

actuators. 

Figure 4.16 shows a finished actuator-suspension structure of a push-pull design. 

The thickness of the spring beams is 2 urn. The minimum gap between the finger 

sidewalls is 4-5 ^m. 

4.4. Characterisation 

4.4.1. Mirror Characterisation 

4.4.1.1. Mirror reflectivity 

The reflectivity of the aluminium coated vertical mirrors is measured by placing a 

single mode fiber into the alignment groove of a shutter structure. The reflected light 

intensity is measured for different gaps between the fiber end and the mirror (see 

Figure 4.17 a). 

From the reflectivity maxima and minima, which are due to the interference between 

the reflections at the fiber end and the vertical mirror, an equivalent mirror reflectivity 

of 76 % can be deduced, which includes the loss due to scattering and the verticality 

error of the mirror. 
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a) b) 

Figure 4.17: a) shutter-type vertical mirror for characterisation of the 

mirror's reflectivity, b) measured and calculated reflected light 

intensity as a function of mirror-fiber separation. Crosses show 

maximum and minimum values due to constructive and destructive 

interference. Plain line is calculated response for a vertical mirror Of 

100 % reflectivity. 

4.4.1.2. Surface roughness 

The surface roughness has been evaluated by visual inspection in an optical 

microscope in phase contrast mode. Figure 4.18 b) shows the etched surface of a 

125 pm wide groove. The surface quality is best from the top surface to an etch 

depth of 30 pm, between 30 and 45 pm etch depth vertical notches are visible, 

finally between 45 and 75 pm etch depth the surface quality is degraded with a 

surface roughness up to 500 nm. 

To measure precisely the surface roughness in the area around 15 pm etch depth 

we scanned the surface with an Atomic Force Microscope as shown in Figure 

4.18 a). The rms surface roughness is 36 nm rms. According to Equation (1) light 

loss due to scattering should be lower than 6 %. 
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a) b) 

Figure 4.18: a) AFM measurement and b) Optical micrograph in phase-

contrast mode of etched surface for inspection of the surface 

roughness. 

4.4.1.3. Mirror verticality 

Figure 4.19 shows a detail view of an etched mirror from which a verticality of the 

sidewalls of 89.3° can be deduced. The verticality of small trenches is even better. 

For the 75 um high mirrors a minimal mirror thickness of 2.3 um was achieved, 

which represents an aspect ratio of over 30. The initial line-width of the resist was 

3.5 um. thus the lateral underetching was about 0.6 urn. According to the loss 

calculation of Figure 4.19 a mirror thickness of 2.3 ^m and a verticality error of 0.7° 

introduce an additional coupling loss close to 2 dB. The DRIE technology would 

allow to fabricate mirrors with an even better verticality. But due to the RIE lag effect 

the verticality can depend on the width of the trenches. If the process is optimised to 

get best verticality for the switching mirror in the large trenches of the fiber alignment 

groove, the profiles may become too positive in the small trenches of the comb 

structure resulting in closure of the trenches. 
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Figure 4.19: Detail showing the vertically of the mirror. Top mirror 

width is 2.3 urn, sidewall angle is 89.3°. 

4.4.2. Actuator Characterisation 

Before mounting the fibers into the silicon chip the electrostatic actuator is first 

tested. This is done under an optical microscope, where the chip can be contacted 

with prober needles. The test allows to eliminate poor designs and to determine the 

switching voltages 

a) b) 

Figure 4.20: measured switching behaviour. A) single beam spring with 

instability. B) double beam spring with stable switching. 
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For the Push-Pull design a switching voltage of 30 V was necessary to pull the 

mirror out until the actuator was stopped by the landing electrodes. In the opposite 

direction the number of fingers is inferior, and here a operation voltage of 32 V was 

necessary to move the comb into its maximum position. As shown in Figure 4.20 this 

test also allows to eliminate design variations, which present a transverse instability. 

The structure of Figure 4.20 a) doesn't allow an actuation over the hole course 

because the transverse rigidity of the suspension spring is too weak. Actually the 

meander shaped suspension with only single beam springs has a k/kx ratio of only 

3, whereas with the double beam suspension of Figure 4.20 b) k/kx ratio over 100 

are possible55. 

4.4.3. Fiber Optic 2x2 Switch Characterisation 

To characterise the switch single mode fibers with tapered ends are placed into the 

alignment grooves. The ends of the fibers are not lensed. In transverse direction the 

fibers are aligned by integrated springs, which hold the fibers in the groove. In the 

longitudinal direction the fiber end is moved as close as possible to the 

micromechanical mirror. In addition a glass plate is glued on top of the chip to fix the 

fibers in the vertical direction (see Figure 4.21). 

a) b) 

Figure 4.21: Optical micrograph of tapered fibers mounted on the 

switch, a) mirror in bar state, b) mirror in cross state. 

Figure 4.21 shows an optical micrograph of the switch in its bar and cross state and 

The four single mode fibers have machined ends with a diameter of the end cylinder 

of 20 - 25 jim. The separation of the fiber ends is 50 ^m. We measured an insertion 
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loss in the bar state between 0.6 and 1.6 dB and in the reflected state between 1.4 -

3.4 dB. These values are close to the theoretical limit, if one admits, that the fiber 

core may be slightly (< 1 ^m) out of center and that the angle of the fiber end face 

may be not exactly 90°. Thus the alignment grooves align the fibers correctly. To 

further reduce the insertion loss the fiber ends should be brought even closer 

together. In addition special grade fibers should be used, which have a better 

concentricity and a better diameter control. Both a concentricity error and a different 

cladding diameter may cause a transverse offset. That a part of the loss is due to a 

transversal offset can be seen form the fact, that in the cross state there is a loss 

asymmetry; but the vertical mirror is defined be photolithography to be exactly in the 

center. To reduce the loss due to the Fresnel reflection at the fiber ends, these 

should be anit-reflective coated. An other possibility would be to fill the switch with a 

index matching oil. A simulation of the dynamic behaviour showed, that oil filling with 

a very low viscosity index matching oil would reduce the speed by a factor of 1055. 

Figure 4.22 a) shows the dynamic response of the reflected light intensity when the 

applied voltage isn't high enough to completely switch and the mirror only moves a 

couple of microns. From the overshoot ringing a resonance frequency of 1.3 kHz 

and a quality factor of about 4 can be deduced. In Figure 4.22 b) the voltage is 

increased and the mirror moves over the whole range. Here the light switching is 

complete. The cross talk attenuation is over 35 dB in the cross state and over 60 dB 

in the bar state. To further increase the cross talk attenuation the vertical mirror has 

to be coated with a thicker metal layer. Shortly after the switching small variations of 

the light intensity can be observed; these are due to vibrations of the mirror. 
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Figure 4.23 a) shows an enlarged view of the step response at the switching voltage 

of 30 V when switched from the cross into the bar state. The fall time is below 0.2 

ms, whereas the 10% - 90 % fall time is only 80 \is. This can be explained by the 

fact, that the amplitude of the mechanical movement is higher than the spot 

diameter. Therefore only after 30 % of the mirror displacement the optical spot is 

reached and already after 70 % of the mirror course the optical spot is completely 

covered by the mirror. This can also be observed in Figure 4.23 b), which shows the 

reflected light intensity, when the mirror is moved into the optical path. After 200 |is 

the optical signal doesn't increase anymore. But only after 300 \xs the vibrations due 

to the shock of the actuator against the landing electrodes are visible. In the time 

interval between 200 (.is and 320 |is after the voltage step the mirror is still in 

movement before it hits the landing electrode. 

200 ns >: , 200ns t 

Figure 4.23: Step response of reflected light signal to 30 V steps, a) 

Switching from bar-to-cross state, b) Switching form cross-to-bar 

state. 

Another factor, which has a positive effect on the switching time is the fact, that not 

only the suspension spring determines the switching speed; but in the push-pull 

design the comb actuators can accelerate the mirror structure as well. According to 

the resonance frequency of 1.3 kHz the half cycle time is 0.4 ms. If the switching 

speed was only determined by the spring suspensions, the switching time should 

correspond to this half cycle time. But the combined action of the electrostatic force 

and the spring force lead to this switching time reduction of about 25 %, i.e. 

according to Figure 4.23 b) the time the mirror needs to move from one landing 

electrode to the opposite is 320 us. Table 4.3 resumes the characteristics of two 

push-pull type switches. 
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Table 4.3: Characteristics of two packaged 2x2 switches. 

loss in loss in voltage voltage switching 10-90 % cross talk 

bar state cross state bar state cross state time (total) rise time attenuation 

0.6-1.6 dB 1.4-3.4 dB 28V 30~V 0.2 ms 80 MS > 35 dB 

4.5. Conclusions 

In this chapter we have reported on a micromechanical fiber optic switch which is 

based on a linear moveable mirror etched in silicon by deep reactive ion etching. 

Only one mask is needed to fabricate the silicon motherboard with the integrated 

mirror, actuator and alignment structures on it. 

At the beginning of the chapter alternative solutions are reviewed. Especially the 

integrated waveguide based thermo-optical switch attracts interest. Fabricated on 

silicon with polymer waveguides it promises low cost and a reasonable switching 

speed around 1 millisecond. The micromechanical switch should be competitive 

compared to such thermo-optical switches. 

In the next part of the chapter design considerations are discussed. It can be shown 

that the distance between the fiber ends has to be smaller than 50 urn to obtain a 

coupling loss below 1 dB (20 %). To bring the fibers so close together their ends 

have to be machined to a conical shape. An additional coupling loss is introduced by 

the mirror, which should present a good verticality, a high reflectivity and a low 

roughness. A verticality error of 1" introduces an additional loss of 1 dB already. To 

increase the reflectivity of silicon, it has to be coated with either aluminium or gold. 

Finally the roughness should remain below 47 nm or 3.6 % of the wavelength to 

keep the scattering loss below 10 % (0.46 dB). The mirror is actuated by 

electrostatic comb actuators. The suspension springs and the comb dimensions 

have to be designed carefully in order to prevent transverse instability of the 

actuator. A method to calculate the stability of the actuator is presented. 

Than the fabrication based on deep reactive ion etching is reviewed. Mirrors 75 urn 

in height were successfully fabricated. The characteristics are outstanding: a 
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minimal thickness of 2.3 urn, a vertically better than 89.3" and a rms roughness 

below 36 nm was obtained. 

With such chips first prototypes were assembled. These prototypes showed 

promising performance: the insertion loss can be reduced below 1 dB in the bar 

state and below 2 dB in the cross state. The use of micromechanics allows for a 

considerable increase in the switching speed. The total switching time is a factor of 

50 shorter than for conventional mechanical switches and even somewhat faster 

than thermo-optic switches. 

Figure 4.24: Packaged 2x2 fiber optic switch. 

Since the alignment grooves, which allow for a passive alignment of the single mode 

fibers, are already integrated on the silicon chip, the packaging can be very simple. 

Figure 4.24 shows a fully packaged device, where the silicon chip is placed into a 

steel package to get a handy and robust device. The size of the base plate is only 3 

x 3 cm. 

A drawback of the present switches is their high backreflection of 4 %. Conventional 

mechanical switches use index matching oil to reduce the backreflection. The use of 

such an oil would decrease the switching time by an order of magnitude 

approximately. In our switch antireflective coating of the fiber end face is more 

appropriate. 
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Future improvements will aim reproduceable low insertion losses and an improved 

packaging, that includes a driver electronics. To reproduce low losses in a series 

production special grade fibers have to be used with an excellent core concentricity 

and constant fiber diameter. 
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Chapter Five 

Reliability Considerations 

5.1. Introduction 

In view of a commercial application of micromechanical devices the important 

question of long term stability and reliability has to be addressed. Because there 

exist almost no electrostatic micromachined actuators on the market, field data, i.e. 

empirical experience, is not available. On the other hand long test cycles are not 

conceivable, thus a procedure has to be applied which allows the prediction of the 

long time stability, within a much shorter time than the final operation time. 

In micro-electromechanical systems sizes and forces are reduced to a micron scale; 

small changes in the material properties, which didn't have an influence on 

macroscale devices can completely alter the function of microscale devices. In 

littérature crack growth1 and in-use sticking2 have been discussed as potential 

breakdown mechanisms for micromachined actuators. In this chapter we will 

discuss possible degradation under mechanical, and electrostatic stress, under 

different environmental conditions and for mechanical contacting surfaces. The 

comparison between the material strength with respect to these stresses will allow 

to give a qualitative figure for the reliability of the reflective modulator and the fiber 

optic switch. We will concentrate on the failure mechanisms of microactuators; 
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failures, such as breakdown of chip or wire bonds are identical to microelectronic 

circuits, about which good analyses exist in literature3. 

In the past a good compliance between specifications and performance parameters 

at the end of the fabrication process was often sufficient to achieve a high quality 

prototype. In other words development targets seemed to be reached when the item 

considered was free of systematic failures. The important question of long time 

behaviour was only rarely addressed systematically. The goal of this chapter is to 

investigate into the failure mechanisms of two micromachined actuators - the 

reflective modulator and the fiber optic switch - and to find a qualitative and if 

possible also a quantitative figure for the failure probability. After a short introduction 

into some concepts of reliability probabilities and presentation of the analysis 

procedure, we will discuss potential breakdown mechanisms, i.e. mechanical stress, 

electrostatic stress, air humidity and mechanical contacts during operation. 

5.2. Analysis Procedure 

Reliability is a characteristic of an item, generally designated by R, and expresses 

the probability that the item will perform its required function under given conditions 

for a stated time interval. Considered qualitatively, reliability can also be defined as 

the ability of an item to remain functional. The required function specifies the item's 

task and figures as the starting point for any reliability analysis, as it defines failures. 

Operating conditions have an important influence upon reliability, and must therefore 

be specified with care. 

The failure rate Ä(t) of an item expresses the probability per unit time of failure. It 

can be shown, that the failure rate ?.(t) fully determines the reliability function R(t): 

A(Z) = C ( 5 . 1 ) 

In many practical applications, the failure rate can be assumed to be constant 

or nearly so for all f > 0. 

A(Z) = A (5.2) 

For a constant failure rate equation (5.1) becomes: 



5.2 Analysis Procedure 117 

R{t) = e-» (5.3) 

The failure free operating time r is in this case exponentially distributed. For 

this, and only for this case the failure rate can be estimated by À = k / T1 where T is 

the cumulative operating time and k the total number of failures during T. 

The mean of the failure-free operating time (MTTF) is generally expressed as 

MTTF = E[T] = J R(x)dx ( 5.4 ) 
o 

in the case of a constant failure rate, MTTF becomes: 

MTTF = \ (5.5) 
A. 

-10 -7 -1 

For semiconductor devices typical figures for X are 10 to 10 h for 

components, and 10 to 10 h for assemblies3. A failure rate of 10 h represents 

a mean time to failure of 11 years. 

Very long test periods cannot be accepted in the development stage. Though 

techniques have to be applied to accelerate the determination of the failure rate. The 

determination of the assessed reliability, which is obtained from field data and 

statistical interpretations, can be accelerated be making the operating conditions in 

laboratory harsher. This can give useful results as long as the mechanisms of failure 

are not changed. For example the failure rate of semiconductor components will 

double for an operating temperature increase of 10 to 20 0C, due to the acceleration 

of the diffusion processes. But too large an increase of the temperature leads to new 

failure mechanisms, which don't occur at ambient temperature. At temperatures too 

high the failure rate can't be extrapolated to room temperature. 

For our micromechanical actuators we will use a different way to determine the 

reliability. The reliability estimation will be based on the comparison of the material 

strength with the operation stress. The procedure for the quantitative reliability 

analysis is3: 

1. Formulation of failure hypotheses. 

2. Evaluation of the stresses applied with respect to the critical failure 

hypotheses. 
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3. Evaluation of the strength limits, (dynamic and static) 

4. Computation of the component reliability. 

In a first step failure hypotheses are formulated for a given device. Both the 

reflective modulator and the fiber optic switch are electrostatic actuators. Possible 

breakdown mechanisms can arise from the mechanical stress, from the high electric 

field and from environmental conditions, i.e. air humidity. In the fiber optic switch the 

mirror movement is limited by landing electrodes. The mechanical contact between 

two surfaces can present an additional failure mechanism: permanent sticking of two 

surfaces. This failure only exists for the fiber optic switch. Table 5.1 resumes 

possible failure mechanisms for our two electrostatic microactuators. 

Table 5.1: Stress types present in electrostatic actuators and related potential 

breakdown mechanisms: 

stress type 

failure 

hypothesis 

possible in 

mechanical 

rupture 

fatigue 

modulator 

and switch 

electrostatic 

arc discharge 

charge up 

modulator 

and switch 

environment 

corrosion 

modulator 

and switch 

contacts 

sticking 

only switch 

In the next step the operational stress and also the strength limit with respect to the 

failure hypotheses is evaluated. The comparison of the operation stresses with the 

strength, allows for a qualitative estimation of the reliability. 

The following discussion on reliability will be grouped according to the types of 

failure mechanisms, i.e. in mechanical, electrostatic, environmental and failures 

related to contacts between moving parts. For every group we will determine the 

operation stress in the fiber optic switch and in the reflective modulator. Then we will 

estimate the strength with respect to the failure hypothesis and finally we will 

discuss the expected reliability by comparing the strength limit with the operation 

stress. 
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5.3. Mechanical Reliability 

5.3.1.Maximum Stress during Operation 

For the fiber optic switch the maximum stress arises in the clamping ends of the 

suspension springs. Denoting the deformation of the beam end Ax the maximum 

stress is4: 

, where E is the Young modulus of silicon, t is the thickness of a single suspension 

beam and I the length of a beam. For the design with the one-directional actuator 

the displacement of a single suspension beam is Ax = 12.5 urn. The beam thickness 

is t - 2 um and length is I = 450 urn. According to the above equation the maximum 

tensile stress in the fiber optic switch is 63 MPa. 

For the reflective modulator the membrane geometry is slightly different, but a 

similar analytical formula can be derived4: 

12F/ , „ , 

For a membrane length I of 50 urn, a thickness t = 0.49 pm, and a maximum 

deflection of 0.3 urn, the forgoing formula yields a maximum stress of 120 MPa, 

which is twice as high as for the fiber optic switch. 

The above formulas don't take into account the stress concentration, that may occur 

in the clamping end. In addition the deformation introduces a tensile stress in the 

membrane of the reflective modulator. To evaluate these effects the maximum 

mechanical stress in the membrane of the reflective modulator was evaluated with 

the finite element program ANSYS©. 
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In this simulation we reduced the problem to a 2 dimensional model. The initial air 

gap is 1.55 urn. Under actuation the membrane has to deform by 0.3 urn to put the 

modulator in the low reflection state. Figure 5.1 shows the stress distribution in a 

cross section of the clamping end for a displacement of the membrane center of 0.3 

um. It is seen, that the maximum stress arises in the stress concentration af the 

clamping end of the structures. For the operational displacement of 0.3 urn the 

maximum stress intensity is 130 MPa, thus only slightly higher than the analytical 

calculation. 

But during the fabrication process the membrane deformation may be higher. 

Typically during the rinsing and aluminium evaporation process the free standing 

membrane is deformed until it touches the underlying substrate. For this occasional 

deformation the maximum stress intensity is much larger than during operation. 

Accrding to a FEM ananlysis the maximum tensile stress in the membrane reaches 

1.5 GPa for a beam displacement of 1.55 urn. This value is a 240 % higher than 

what has been expected according the analytical calculation. This increase is due to 

the non-linear deformation of the membrane. 

For an admitted mean time to failure of 20 years, the number of cycles the 

modulator has to withstand can be calculated assuming a working frequency of 1 

MHz. Assuming 20 years of continuous operation this calcualtion yields a number of 

6.3e14 cycles, during which the membrane has to withstand stress amplitudes of 

120 MPa. 
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5.3.2.Rupture Strength 

Silicon can be regarded as an ideal brittle material with a covalent bonded crystaline 

structure. At room temperature no plastic strain can be observed prior to fracture. 

The dislocations, the movement of which is responsible for plastic deformation, are 

not mobile at room temperature. AtI the same the velocity of dislocation 

displacement increases with temperature according to an Arrenius law with an 

activation energy of 2.2 eV5. Only at temperatures over 600 *C plastic strain prior to 

fracture can be observed. Below that temperature the fracture occurs when a critical 

stress intensity is reached at a crack tip5. Fracture process consists essentially of 

bond rupture at the tip of a sharp crack, i.e. silicon specimens fail by cleavage with 

no formation of dislocations6. In contrast to this ideally brittle behaviour of silicon, 

ductility, i.e. non reversible dislocation motion, accompanies fracture in metals. 

The tensile fracture strength of a brittle material can be understood in terms 

of Griffith's equation7: 

Of=VT ( 5 - 8 ) 

where Y is a dimensionless parameter that depends on the geometries of the crack 

and the specimen. V is called the finite size correction factor and values have been 

tabulated for many different geometries8. For plane stress in the tensile opening 

mode the geometrical factor is Y = -Jn ; a is the crack length and Kc is the stress 

intensity factor, it is often called the fracture toughness of the material. Kc is a 

material property, which is related in the original theory of Griffith to the surface 

tension of the material. 

Equation (5.8) expresses that the strength of a brittle material depends on a 

combination of a material property, i.e the fracture toughness Kc, and the flaw size. 

Using this formalism, if we know the value of Kc for a material then we know the 

size of flaw it can tolerate at a given stress or if we know the strength and Kc it is 

possible to calculate the critical size in the specimen. 

In literature a value for the fracture toughness of single crystal silicon can be 

found5: 
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K 'IO = 0.9A//W^ 5.9) 

with that value it is possible to estimate the strength for different flaw sizes or 

as a function of the surface roughness. Numerical calculation of equation (5.8) in 

Table 5.2 shows, that the rupture strength should lie between 1.5 GPa and 7 GPa, if 

the maximum crack length is between 100 nm and 5 nm: 

Table 5.2: calculated strength of silicon for different crack length (K|c 

assumed to be 0.9 MPa-Jm) 

crack length 

strength 

100 nm 

1.6GPa 

10 nm 

5GPa 

5 nm 

7GPa 

The defects, that may lead to cracks in silicon can be devided into three 

principal categories: 

surface cracks: roughness due to deposition, plasma etching, sacrificial layer 

etching, cracks due to large deformation 

fabrication flaws: inclusions, crystal imperfections, weak grain boundary 

(deposition) 

environmentally induced flaws: corrosion, slow crack growth during operation 
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Figure 5.2: Large deformation of a simply clamped beam and the simulated 

maximum tensile strain as a function of the tip displacement ratio Lp/L. 

(length: 200 urn; width 2.8 pm) 
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For an experimental evaluation of the yield strength we have bent microfabricated 

cantilever structures until rupture. As the operation stress is considerably higher in 

the reflective modulator we will only consider the rupture strength of polysilicon, 

which is all the same supposed close to that of single crystal silicon. By using a 

micoprober needle a cantilever is bent until it yields. The experiment was observed 

under the light microscope and was recorded on a video tape for later analysis9. The 

maximum tensile strains are calculated by nonlinear beam theory10. Figure 5.2 

shows the schematics of the experience and the calculated dependence of 

maximum tensile strain on the projected displacement of the beam end . 

Figure 5.3: Optical micrograph showing maximum lateral bending of a 

polysil icon cantilever (200 urn long, 2.8 urn wide and 2 urn high) before 

yielding. 

By testing 9 of these structures an average fracture strain of 2.6 % was measured. 

Assuming a Young modulus of about 160 GPa, the meausured fracture stress of 

polysilicon is - =3.89 GPa. The scatter in the strength of polysilicon can be 

expressed in terms of the variance Aa = 0.53 GPa. Prior to fracture no plastic strain 

could be observed, i.e. after releasing the beams they returned to their initial 

position. 

Strength values for a brittle material generally exhibit a large variation. A 

mathematical tool, that allows a probabilistic prediction of the strength, is the 
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distribution function proposed by Weibull12. As the thin film actuators are mainly 

exposed to bending moments, the maximum stress intensities are produced at the 

surface. Thus it is assumed, that surface flaws control failure. The reliability, in 

absence of slow crack growth, of a given component to survive a stress a is: 

- f -1" 
A(O") = e y°°> {5.10 

, where m is the Weibull modulus, OQ is the Weibull scaling constant. In the 

above experiment the yield strength values in Table 5.3 could be measured. They 

are ordered in increasing order. A failure probability is associated with every 

measurement. The failure probailty is calculated in taking the median probability for 

the i th rnesurement, where i is the position of the ordered elements13: 

Ho,)« 
i-03 
ñ + 0.4 

{ 5-11 J 

, n is the total number of measurements, i.e. 9 in our case. 

Table 5.3: measured yield strength [GPa] and corresponding failure probability 

j 

Ol 

F(O1) 

1 

2.47 

7.4 

2 

2.70 

18.1 

3 

2.80 

28.7 

4 

2.97 

39.4 

5 

3.16 

50 

6 

3.18 

60.6 

7 

3.55 

71.3 

8 

4.11 

81.9 

9 

4.39 

92.6 

These measured failure probabilities are the basis for calculating Ine 

parameters of the Weibull distribution. The function 

^(CT) = I -A(O-) = ! - * (5.12) 

has to be fitted to the failure probabilities, i.e. to the 9 measurements of Table 5.3. 

This is done numerically and Figure 5.4 shows the result. The Weibull parameters of 
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the fitted curve are: the Weibull scaling constant a0 is 4.15 GPa and the Weibull 

modulus m is 7.64; we admitted that the failure free threshold stress au is zero. 

Figure 5.4: Measured rupture strength of polysilicon and fitted Weibull 

function. Weibull parameters of rupture strength are: o„ = 4.15 GPa and 

m = 7.5. 

Assuming the KQ of polysilicon close to that of single crystal silicon the average flaw 

length a can be calculated for the measured rupture strength. With Kc = Q.9 

MPa-Jm , equation (5.8) yields a flaw size of a = 17 nm, which is in the order of 

magnitude of the surface roughness, but smaller than the grain size of fine grained 

polysilicon, which is in the order of 100 - 200 nm14. 

5.3.3.Long Cycle Fatigue 

In contrast to the fast rupture, which was discussed in the above paragraph, fatigue 

is described as slow propagation of cracks. 

The phenomenon of fatigue is known since the investigation into steel byAugust 

Wöhler in the second half of the last century. He showed that cyclic deformation well 

below the elastic limit can lead to failure after many cycles. This phenomenon is 

called long cycle fatigue. It can be explained by the formation and propagation of 
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cracks, which lead to failure, when they reach a critical size. This critical crack size 

leading to rupture can be related to the applied stress by equation (5.8). 

The fatigue process can be subdivided into three stages: 

1 ) initiation of dominant cracks 

2) slow growth of the cracks 

3) at the critical crack-size: fast propagation of the crack 

Initiation of a crack can start from a surface inhomgenity, from inclusions or other 

material defects. If cracks are already present after the fabrication the crack-

initiation stage is not necessary. The fatigue process amounts to slow crack 

propagation of the existing cracks and rupture. 

As opposed to metallic materials dislocations in silicon are not mobile at room 

temperature. This mobility of dislocations has been regarded for a long time to be a 

necessary condition for fatigue to occur. This is because fatigue phenomena have 

first been investigated in metallic materials. Cyclic stress effects in ductile metals 

are intimately related to the to-and-fro motion of dislocations. These moving 

dislocations can pile up at the crack tip and lead to crack growth. In silicon 

dislocations are not mobile at room temperature; one could assume that fatigue 

cannot occur in silicon. However a broader examination of the requirements for 

cyclic fracture in both ductile and brittle solids clearly indicates that kinematically 

irreversible microscopic deformation is the precursor to fatigue and that mechanical 

fatigue phenomena can occur in brittle solids15 like silicon. That means, that not only 

dislocation movement, but other irreversible deformation processes can contribute 

to crack growth. In silicon it is not clear yet, if such kinematically irreversible 

deformation exists. Brown et al. postulated, that slow crack growth in silicon can 

occur due to the fatigue of the native oxide layer, which is formed immediately when 

silicon is exposed to oxygen16. In their experiments they could measure a 

dependency of the time necessary for the fracture of dynamically loaded silicon 

beams on the humidity of the ambient air. Whereas other groups couldn't show any 

slow crack growth in statically loaded silicon bulk samples, that were wetted with 

various liquids including distilled water17. They concluded that stress corrosion 

cracking does not occur due to the formation of the protective silica layer18,19, this 

silica layer has been postulated by Brown et al. for being the cause of corrosion 
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fatigue. Thus fatigue of silicon is still a subject of controversy, but if fatigue can 

occur it will be in the form of corrosion fatigue. 

Figure 5.5: SEM micrograph of a precracked polysiticon membrane. Such test-

structures are used to measure the crack-growth rate. 

In our experiments we have stress cycled precracked modulator membranes at 

various levels of air humidity. The estimated stress in the crack region was 0.15 

GPa. At a relative air humidity of up to 94 % no growth of the crack could be 

observed. All the same a colour change of the membrane appeared, which was 

attributed to corrosion. 

5.3.4. Computation of Mechanical Reliability 

In Table 5.4 the operation stresses and the material strengths are summarized. It 

can be seen, that for both the fiber optic switch and the reflective modulator the 

operation stresses are well below the strength limit of silicon. Only during the 

fabrication process of the reflective modulator the stress may become sufficiently 

high to break a few membranes. According to the Weibull statistics 0.05 % of the 

membranes would break during the final rinsing and drying processes. 
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In dry air long cycle fatigue due to slow crack growth could not be observed at the 

working stress levels. This may be explained by the convalent crystal structure of 

silicon in which dislocations are not mobile at room temperature. Fatigue is therefore 

not expected to occur, except in the form of corrosion fatigue. 

Table 5.4: Comparison between mechanical stress and strength for the fiber 

optic switch and the reflective modualtor 

stress in operation 

stress in fabrication 

rupture strength 

fatigue resistance 

breakdown probability 

fiber optic switch 

60MPa 

60MPa 

3.5 Gpa 

no fatigue in dry air 

0% 

reflective modulator 

130MPa 

1.5GPa 

3.5 GPa 

no fatigue in dry air 

0.05 % 

5.4. Electrical Reliability 

To activate the fiber optic switch voltages of typically 30 V are applied. For faster 

designs the driving voltage may be as high as 60 V. To prevent transverse instability 

and to relax the vertically requirements for the deep reactive ion etching the air-gap 

is never smaller than 3 um. Thus the maximum electric field is smaller than 20 

V/um. 

As for the mechanical stress the maximum electric field is much higher in the 

reflective modulator than in the fiber optic switch. To deform the polysilicon 

membrane of the reflective modulator voltages up to 90 V have to be applied. For a 

minimum air gap of 1.2 urn this conducts to a maximum electric field between the 

plates of electrodes of: 

z^.^ML^JL ,5.13) 
\2\im m fJiii 

At the edge of the membrane a field concentration occurs. The sharper the 

edge, the higher the field. It is possible to estimate how much higher the field at the 

edge Eedge i s wan the homogenous field E: In case the electrode thickness is 

file:///2/im


5.4 Electrical Reliability 129 

larger than half of the air gap h, which is approximately the case for our modulator, 

then the field at the edge is 20I 

E""'='S.=f"lg'E 

V h ( 5 . 1 4 ) 

where p is the radius of the edge. In case of a very sharp edge with a radius 

of only 1 nm fedge, the field concentration factor, is: fedge ~ 5. In case of a edge 

radius of 10 nm fedge ¡s; fetfge = 2.4. Thus for a sharp edge with a radius between 1 

nm and 10 nm the electric field at the edge is about 2.4 - 5 times larger than the 

homgenous field between the condensator electrodes. 

5.4.1. Electrical Breakdown 

If the voltage on the capacitor electrodes attains a certain critical value the insulation 

property of the filling medium is suddenly lost and an arc short circuits the 

electrodes. In an air-filled capacitor the Paschen-curve expresses the dependence 

of the static breakdown voltage as a function of air pressure and distance between 

the electrodes. According to the Paschen curve the breakdown field depends on the 

electrode separation. When this separation gets as low as the mean free path of the 

air molecules, the breakdown field increases. This is due to the fact, that ionised 

molecules are attracted and stopped on an electrode before they could ionise other 

molecules and trig an avalanche effect, manifesting itself as an electrical arc. At 

atmospheric pressure the Paschen curve has a minimum breakdown voltage at a 

separation of the capacitor plates of 10 yim. The minimium breakdown voltage for 

the 10 urn plate separation is 400 V. At a plate separation of only 1 urn the 

breakdown voltage is over 1 kV. But at field strength higher than 500 V/(jm emission 

of field can occur. Electrons are extracted from the surface and a current can 

establish, this electrons extraction is dependent on the material21. In the Paschen-

curve of Figure 5.6 the separating medium is air. Changing the filling gas displaces 

the Paschen-curve to higher or lower breakdown voltages. It is known, that filling the 

capacitors with electronegative gases like SFe, or CCI4 c a n double the breakdown 

voltage21. 
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Figure 5.6: "Paschen-curve". Breakdown voltage in air in a homogenous field 

as a function of the product of air pressure p and distance between the 

electrodes d. 

The reflective modulator works at a maximum operating voltage of 100 V, 

thus well below the minimum breakdown voltage of 400 V for an airgap of 10 urn. 

The emission of field should be of reduced importance as well, because the 

maximum field supposing a sharp edge of 0.05 urn (equation {5.14)) is below 200 

V/um, which is lower than the 500 V/um limit. 

In the fiber optic switch the electric field is even lower. Thus there is no a risk 

of electrical discharge neither. All the same it may be interesting to fill the actuator 

with an index matching oil. In liquids the mean free path is much shorter and there is 

no effect like the one expressed by the Paschen-curve, where the breakdown field 

increases for small gaps. In silicone oils the breakdown field is typically 20 - 30 

V/um, thus quite close to the operating fields. Here electrical discharge may play a 

role. 

5.4.2. Permanent Polarisation of the Capacitor 

From a practical point of view there may always be some free charges and 

surface currents in air filled capacitors; these may accumulate on a non-conductor, 

as silicon dioxide or silicon nitride or on the native oxide of the silicon electrodes. 
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Figure 5,7 shows a cross section of a modelised representation of the accumulation 

of charges on the native oxide of polysilicon. To measure the potential effect of such 

an accumulation of charges, precise measurement of the resonance frequency can 

be used. Actually the resonance frequency is a function of the applied bias voltage, 

because the force exerted by the applied electric field lowers the equivalent spring 

constant of the resonator. The equivalent spring constant is the sum of the 

mechanical spring and the space-derivative of the electrostatic force. 

Figure 5.7: Model for permanent polarisation of electrostatic air gap 

capacitors. 

Equation 5.15 gives an analytical expression of the resonance frequency 

supposing a parallel plate lumped model. 

'-¿J=('-Ä) . 
,where m is the mass of the oscillator, k the mechanical spring constant of the 

membrane, e is the electrical permittivity, V is the applied DC bias voltage, d is the 

initial airgap and x the membrane deformation under the DC bias voltage V. 
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Figure 5.8: Dependency of resonance frequency on the applied bias voltage. 

The upper curve is for a positive bias and the lower curve is for a negative 

bias voltage. 

Figure 5.8 shows a measurement of the resonance frequency as a function of 

applied positive and negative bias voltage. The measurement is done in vacuum to 

get a high quality factor of the resonator and thus a precise measurement of the 

resonance frequency. After 8 days of continuous operation the difference between 

the resonance frequency at positive and negative bias voltage indicates a 

permanent polarisation not exceeding 0.3 V. For an operation voltage of 80 V this 

represents a drift of only 0.4 %. 

5.4.3. Qualitative Electrical Reliability Assessment 

In Table 5.5 the results of the above considerations and experiments are 

summarised. It can be seen, that for both the fiber optic switch and the reflective 

modulator the operation fields are well below the breakdown field of air filled 

capacitors. All the same if an oil filling is applied to the fiber optic switch electric arc 

discharge may become a problem. 
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Table S.5: Comparison between electrical field in operation and field strength 

and polarisation resistance for the fiber optic switch and the reflective 

modulator 

electric field in operation 

breakdown field at min. gap 

permanent polarisation 

breakdown probability 

fiber optic switch 

20 V/|am 

200 V/jim 

but 30 V/jjm in oil 

not measured but 

expected < 1 % 

0% 

reflective modulator 

75 V/Mm 

400 V/um 

< 0.5 % 

0% 

The measured drift of the actuation voltage, which is attributed to a permanent 

polarisation, was measured by a resonant frequency technique. It is not higher than 

0.3 V. This presents less than 0.5% of the bias voltage needed for the device 

actuation. If the electrostatic actuator is operated in dry air the charge-up 

phenomenon isn't expected to be a problem either. 

5.5. Corrosion 

In this paragraph we investigate into the corrosion of electrostatic actuators, when 

they are operated in humid air. In this study we have concentrated on the modulator 

device, because the mechanical and also the electrical stress are much larger for 

the reflective modulator than for the fiber optic switch. In addition the resonance 

frequency is easier to measure for the surface normal operating modulator than for 

the switch. Measuring the resonance frequency with a high precision allows to 

detect even very small changes in the mechanical structure. 

5.5.1. Drift of the Resonance Frequency 

To characterise the mechanical long term behaviour the resonance frequency is 

measured in vacuum. A quality factor of about 6500 was obtained. After a first 

measurement of the resonance frequency the structures are stress cycled at 

atmospheric pressure under different humidity conditions. 
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Figure 5.9: Operation in humid air can lead to an increase of the resonance 

frequency. Operation in dry air doesn't lead to any frequency shift. Note the 

discontinuous frequency scale. 

After stress cycling in relative humidity of 84 % some test structures showed a 

distinct frequency increase of up to 20 % and a decrease of the quality factor as 

shown in Figure 5.9. 

In addition colour changes of these structures could be observed as shown in 

Figure 5.10. 

a) b) 

Figure 5.10: Color change after operation in humid air during 7 days at 84 % 

rei. hum. and 40 V OC. a) Before stress cycling, b) after stress cycling. 
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This noticeable change in the mechanical properties, which could lead to a failure of 

the modulator function, can be explained by the formation of a surface oxide under 

the high humidity and electric field conditions. Internal stress in the oxide stiffens the 

membrane and leads to the frequency increase. Corrosion resulting in a noticeable 

increase of the resonance frequency could be observed at an electric field higher 

than 10 V/um and at an air humidity above 65 %. 

5.5.2. Membrane Rupture and Polysilicon Delamination 

If the stress cycling conditions, i.e. air humidity, electrical field and amplitude of 

mechanical stress cycles are sufficiently high, mechanical fatigue of the free 

standing membrane could be observed resulting in membrane rupture and 

delamination of the underlying fixed polysilicon electrode. Figure 5.11 shows a SEM 

micrograph of a broken membrane. The actuator specimen were not precracked; 

thus membrane rupture is not necessarily due to slow crack growth but might be due 

to the high internal stress in the corroded membrane. 

Figure 5.11: Membrane rupture after exposure to humid air and high electric 

field. It was observed that the cathode corrodes faster. 
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Figure 5.12: Not only rupture of the free standing membrane is observed, but 

the fixed polysilicon electrode can also show delamination. 

To produce membrane rupture within one week's time a field over 50 V/um, resulting 

in a maximum mechanical stress of about 100 MPa, and a relative air humidity 

above 80 % were necessary. A 30 V peak-to-peak AC square signal of 500 kHz 

was superimposed on a DC bias in order to produce cyclic mechanical loads. As 

shown in the SEM micrograph of Figure 5.12 not only rupture of the free standing 

membrane is observed, but the fixed polysilicon electrode can also delaminate 

during the stress cycling. 

5.5.3. Permanent Electrical Polarization 

The permanent electrical polarisation after stress cycling in humid air is 

measured according to the above procedure (equation 5.15). Figure 5.13 shows the 

resonance frequency as a function of the absolute value of DC bias before and after 

stress cycling in humid air. It can be seen, that a permanent polarisation of about 2 

V is present after the cycling test, i.e. for a given resonance frequency the difference 

between positive and negative bias DC is 4V. This polarisation can be explained by 

trapped charges in the surface oxide. 
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Figure 5.13: Resonance Frequency as a function of OC bias. After cycling the 

resonance frequency has increased 250 kHz and the capacitor has a built in 

voltage of 2 V. 

5.5.4. Qualitative Evaluation of the Resistance against 

Corrosion 

The combined action of high electrical field, air humidity and mechanical stress can 

rapidly destroy the polysilicon micromechanisms. An important drift of the resonance 

frequency was observed. If the stress cycling test is continued this drift increased 

until rupture of the membrane occurs. In addition delamination of the fixed 

polysilicon electrode from the underlying nitride layer could be observed. 

From an electrical point of view a permanent polarisation, that was much larger than 

the polarisation during the operation in dry air, could occasionally be observed. 

These observations show, that electrostatic actuators can rapidly be destroyed if 

they are operated in an air humidity, which must be larger than 70 % relative 

humidity at ambient temperature. In a long term operation of electrostatic actuators 

high air humidity should be hindered from reaching the air gap capacitor. 
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5.6. In Use Stiction 

In the fiber optic switch the maximum displacement of the mirror is limited by landing 

electrodes. These mechanical stoppers prevent a short circuit between the comb 

electrodes. But when two surfaces enter into mechanical contact they may get 

bonded to each other. They remain stuck; the spring force, which should pull back 

the moveable mechanical part is smaller than the adhesion force between the two 

contacted surfaces. The in-use stiction describes this phenomena when it occurs 

during operation, thus after a successful release in the fabrication process. 

5.6.1.Restoring Spring Force 

Single beams guided at both ends are the building base for the suspension springs. 

Their spring constant is4: 

where £ denotes the Young modulus, / the moment of inertia of the beam 

cross section, h the beam height, f the beam thickness and I the beam length. To 

increase the transverse stiffness the springs are composed of double beams. To 

obtain linear springs at least two double beams are connected in series to form a 

spring meander. Finally the mirror-actuator structure is suspended at 4 points by 

meander structures composed of beam springs. 

The restoring force is the product between the maximum mirror displacement Ax and 

the total spring constant. For the push-pull design the restoring force in its maximum 

position is 45 uN (for /7=75 urn, t=2 urn, /=380 um and Ax=12 ^rn). For the uni­

directional design the restoring force in its maximum position is 110 uN {for n=75 

urn, f=2 urn, /=450 urn and ¿lx=25 firn). 

5.6.2. Surface Adhesion Force 

It has been shown, that the dominant forces acting between surfaces at the 

microscale are capillary forces due to meniscus formation22,23,24. Capillary forces 

are thought to be present in silicon structures because silicon forms a hydrophilic 

native oxide in air, which leads to a high surface energy and a hydrophilic surface. 
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Consequently, this surface attracts water from the ambient air which allows 

meniscus formation to occur as surfaces come into contact. Additionally, when two 

surfaces are actually in contact bonding of the hydroxyl groups can take place; this 

behaviour is exploited in silicon fusion bonding25. In short range gaps van der Waals 

and electrostatic forces also become significant26. Capillary, electrostatic, van der 

Waals forces and covalent bonds may all contribute to the adhesion of the surfaces 

and to device failure. 

Three techniques have been proposed for the reduction of the in-use stiction: 

surface roughening, surface passivation by coating and increasing the stored 

mechanical energy by flexible landing electrodes. The roughening method seeks to 

reduce the contact area by dimples27,26 or by an increased surface roughness29,30. A 

reduction of the adhesion by a factor of 5 has been reported29,30 with the roughening 

technique. On the one hand the surface tension energy at the interface is reduced if 

the effective contact area is reduced. On the other hand the van der Waals force is 

very sensitive to the surface roughness. Denoting the surface roughness with r and 

the distance between the two surfaces with z, the van der Waals force of flat 

surfaces Fvdw is reduced by the roughening to a van der Waals force of31: 

I + 2 

For a surface roughness of 50 nm and a contact gap of 0.5 nm the van der Waals 

force is reduced by a factor of over 2000. 

The passivation approach seeks to reduce the surface energy with an appropriate 

surface coating32,33 which reduces the attractive forces between microstructure 

surfaces. A main function of such coatings is to provide a hydrophobic surface. This 

will impede the condensation of water on these surfaces, and therefore prevent 

meniscus formation and the resulting capillary forces. One technique for applying 

surface passivation coatings is based on self-assembled monolayers (SAMs). Such 

coatings are frequently used for priming purposes, i.e. to enhance the adhesion of 

photoresists or glues. These coatings can also be used as lubricant layers3*,35 and 

as in our case for an efficient anti-stiction layer. It could be shown, that SAM 



140 Reliability Considerations 

coatings can reduce the in-use stiction by several orders of magnitude . The 

coating can be deposited in gas phase or in a sequence of liquid soaks. 

The two first methods tried to reduce the contact forces at the interface, whereas the 

third method seeks to increase the restoring force. The sticking probability can be 

reduced by increasing the restoring spring force. The simplest way would be to 

increase the stiffness of the suspension springs, though with the draw back of an 

increased driving voltage. To keep the driving voltage low it has been proposed to 

integrate a spring function in the landing electrodes in order to store a part of the 

impact energy in these landing springs36. 

To determine the adhesion force at the landing electrode of the deep plasma etched 

actuators special test structures have been designed. We used 500 urn long and 3 

urn thick beams which can be pulled with electrostatic actuation against a stopper 

electrode. Figure 5.14 shows a top view of the test beams in released and actuated 

position. 

a) b) 

Figure 5.14: Beam for measuring the adhesion force of the contact surface, a) 

released position, b) Actuated position of the beam. 

By increasing the voltage between the beam and the counter electrode the beam is 

more and more deformed under the electrostatic field. When a certain pull in voltage 

is reached the beam snaps in and is stopped by the landing electrode, which is at 

the same potential as the beam. To release the beam from its actuated position the 

voltage has to be reduced below a certain pull out voltage. 

If we admit, that the air humidity is the main factor which affects the adhesion force, 

it is now possible to measure the change of the adhesion force between the beam 
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and the landing electrode by recording this pull out voltage for different 

environments. We made a first measurement of the pull-out voltage in a dry nitrogen 

atmosphere, i.e. in absence of air humidity. In a second measurement humid air is 

introduced into the measurement chamber. And after stabilisation of the humidity the 

pull-out voltage is measured again. In 83 % of the 8 measured structures the voltage 

for release of the beams in humid air was smaller than the pull out voltage in dry air. 

It means, that in high air humidity an increase of the adhesion force could be 

measured. The shift between the pull out voltage in dry and humid air was between 

0.2 and 1.2 V for an average pull out voltage of 24.5 V. In average the increase of 

the air humidity from 0% to 100% resulted in a shift of the pull-out voltage of 0.56 V. 

With a numerical simulation of the beam deflection under the electrostatic actuation 

it is possible to calculate the adhesion-force, which corresponds to that pull-out 

voltage shift37. If we assume parallel plate electrodes, a simple analytical expression 

can be found for the adhesion force increase AF00^0n in humid air: 

^"^adiitsian ™ V •) j l J\ po_dnmr pojiimilibir ' ( / 

where f is the permittivity of air, w= 210 firn and h = 75 ĵ m are the width and height 

of the capacitor electrode, d = 2.5 fim is the mean air gap between the electrode and 

the beam after pull in and V^ d,yair= 24.5 V is the pull out voltage in dry air, whereas 

a s Vpo /i™,̂ ,-,- = 23-9 V is the pull out voltage in humid air. Introducing the geometrical 

dimensions and the average pull out voltages of our 8 measurements we obtain an 

adhesion force increase of 0.3 JJN due to the air humidity. Thus the air humidity 

introduces an additional adhesion of 0.3 ^N. If we suppose this force proportional to 

the contact surface of 2 u.m x 75 urn, we obtain an adhesion strength of 2 kPa. This 

value has to be compared with bonding strength of a low temperature silicon fusion 

bond38,39 which can easily be over 10 MPa thus more than 5000 times higher than 

our measurement. This difference is explained by the fact, that the actuator surfaces 

present a surface roughness much higher than that of polished wafers. In addition in 

the wafer bonding process the surfaces are specially pre-treated and annealed at a 
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temperature above 120 0C . All the same we can assume an adhesion strength of 

10 MPa as an upper limit. This would yield a adhesion force of 1500 uN per stopper. 

5.6.3. Ratio between Restoring and Adhesion Force 

In the push-pull design there are two stopping electrodes, thus the typical adhesion 

force is 0.6 ¿iN. The restoring springs generate a force of over 40 pN, which is over 

50 times higher than the adhesion. In the uni-directional design there are 6 stoppers, 

which can generate an adhesion force of 1.8 MN. The force of the springs is 110 ^N, 

which is also over 50 times higher than the adhesion. Thus the experimental 

adhesion forces are much lower than the restoring spring force. Nevertheless if we 

admit an adhesion as high as the silicon fusion bonding strength the springs aren't 

sufficient anymore to pull back the actuator from the extreme position. Stoppers that 

would create a fusion bond could generate forces as high as 1500 ^N per stopper. 

Above results are summarised in Table 5.6. 

Table 5.6: Measured and theoretical adhesion force compared to the restoring 

spring force. 

measured adhesion force 

theoretic fusion bond force 

restoring spring force 

breakdown probability 

push-pull 

0.6^N 

3000 fiN 

45 MN 

0 % 

uni-directional 

1.8 ^N 

9000 MN 

110fiN 

0 % 

5.7. Conclusions 

In absence of high air humidity the mechanical properties of silicon respectively 

polysilicon meet the requirements for highly reliable electrostatic actuators, i.e. the 

fracture strength is well above the operation stress and slow crack growth could not 

be observed for both the fiber optic switch and the reflective modulator. Due to the 

absence of dislocation movement slow crack growth is expected to occur only as 

corrosion fatigue. In dry air no change of the mechanical nor the electrical properties 

could be observed. 
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The combination of high electric field with humid air can lead to mechanical 

breakdown, i.e. membrane rupture. Membrane rupture is preceded by a noticeable 

increase of the resonance frequency and a permanent electrical polarisation of the 

air gap capacitor. This is explained by the formation of a surface oxide. In a long 

term operation of electrostatic actuators, high air humidity should be hindered from 

reaching the air gap capacitor. 

In the fiber optic switch the maximum mirror displacement is limited by 

landing electrodes. Mechanical contacts are known to stay sticked. To evaluate this 

sticking probability we have measured the difference in adhesion in dry and humid 

air between two contacting surfaces. It was found that the measured increase in 

adhesion in humid air is more than 50 time smaller than the restoring spring force. 
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Chapter Six 

Final Conclusions 

In the present thesis we have investigated into applications of silicon 

micromechanics for fiber optic communication. Using the microfabrication 

technologies mechanical systems can be miniaturised to such an extent, that 

dynamic mechanical devices get a sufficient performance for applications that were 

dominated by electronics and opto-electronics. Conventional opto-mechanics have a 

long tradition and offer intrinsic advantages with respect to electro-optical 

components; in particular polarisation and wavelength insensitivity and a high optical 

insulation. Nevertheless to be used with fibers conventional mechanics are too bulky 

and slow. The miniaturisation achieved in micromechanics leads to several 

improvements. First the high precision needed for fiber optics is readily obtained by 

the photolithographic fabrication. Second the operation speed of mechanical 

systems can be increased several orders of magnitude. Finally the fabrication 

technology is destined for producing large quantities. The telecommunication sector 

is expected to need large quantities, when the fiber network continues its 

deployment until the individual household. If micromechanical devices are 

fabricated at high volume, the cost per device becomes very low. With 

micromechanics it seems thus possible to combine the performance of conventional 

high precision opto-mechanics with the advantages of silicon wafer processing. 

A first field of interest were passive mechanical structures without moving parts: 

structures for the passive alignment of fibers with optical components. For the 
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surface normal alignment we have shown, that a wet anisotropic hole etched in the 

backside of the wafer allows for an alignment within +/- 5 u.m. A tighter tolerance can 

be achieved by circular holes plasma etched from the top side. For the surface 

parallel alignment usually wet etched V-grooves are used. However these grooves 

have to be aligned with particular crystal directions, which reduces the geometrical 

freedom. For more flexibility and a higher precision we have developed a new type 

of plasma etched grooves. These can be oriented in any direction. Processing 

variations are cancelled out by integrated clamping springs. Therefore the groove 

itself doesn't introduce an alignment error and the alignment can be as precise as 

the fiber dimensions. Self aligned assembly of optical fibers is an essential condition 

for a large scale production of fiber optic components. The importance of silicon 

motherboards for hybrid assemblies with photodiodes and laserdiodes will increase 

in the future. With the extension of single fiber systems to parallel multifiber arrays 

the passive alignment becomes already essential at the prototype level and is only 

feasible using microfabrication technologies. Here the high precision silicon 

micromachining will find many applications. 

The second field of interest of the thesis were reflective modulators for data 

communication. Using reflective modulation data communication can be achieved 

with a minimum of optical components: only one fiber and one light source are 

necessary for bi-directional communication. The reflective modulator replaces the 

usual light source at the subscriber terminal and uses part of the incident light to 

send back information. Based on the well established polysilicon surface 

micromachining technology we have successfully developed a micromechanicaf 

reflective modulator for the 1.3 jjm wavelength range. A typical modulation contrast 

of 10 dB with a maximum modulation rate up to 3 Mbit/s has been achieved. The 

operation principle is based on interference effects at two polysilicon mirrors and 

presents the advantage of inherent polarisation insensitivity. By electrostatic 

actuation the gap between the mirrors can be changed which results in modulation 

of the reflectivity. For the operation of a 3 Mbit/s device over the wavelength range 

between 1250 nm to 1350 nm, typical bias voltages between 65 - 95 V are applied; 

superimposed is a modulation voltage between ±5 V and ±12 V. The voltages 

depend on the operation wavelength and on the layer thickness precision of the 
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micromechanical structure. For the downstream data detection and for locking the 

modulator on the incident wavelength by a feed back control loop, a photodiode is 

mounted on the silicon chip. Together with the self aligned assembling of a single 

mode fiber, such a module results in a compact receiver-transmitter microsystem 

with the potential of very low cost. It is therefore very attractive to be produced in 

large volumes for applications in Fiber-to-the-Home systems. Another application of 

reflective modulation are low power applications. For modulation less power is 

consumed than for generation of light. 

The second component developed in this thesis work is a fiber optic switch allowing 

to switch light between two pairs of fibers. The component is intended for by-passing 

network nodes of high speed data networks to increase their reliability. Critical 

requirements for the switch are a low insertion loss below 1 dB and a low switching 

time below 1 ms. Based on the new possibilities of deep reactive ion etching of 

silicon we have developed a switch that is based on the linear displacement of a 

vertical mirror. For the fabrication of the silicon motherboard including the actuator 

structure, the switching mirror and the fiber alignment grooves only one 

photolithography is necessary. With such a short process prototyping cycles can be 

kept very short and the product development can be done in a much shorter time 

than for conventional bulk or surface micromachined structures. The performance of 

first, fully packaged switches is already very promising: the insertion loss can be 

reduced below 1 dB in the bar state and below 2 dB in the cross state. The use of 

micromechanics allows for a considerable increase in the switching speed. The total 

switching time is a factor of 50 shorter than for conventional mechanical switches 

and even somewhat faster than for thermo-optic switches. Future developments will 

aim a further reduction of the light loss and an improvement of the packaging 

scheme. 

The above developments can only be introduced into the market if they are reliable. 

Micromechanics is still a risky topic and many people are sceptic about their 

commercial success. To gain this lacking confidence a high reliability is essential. 

Therefore the last chapter of this thesis was devoted to the reliability analysis of the 

reflective modulator and the fiber switch. Instead of performing long term tests we 

have investigated into particular failure mechanisms of micromechanics. We 

determined the material limits under mechanical stress, under/ electrical field, in a 
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corrosive environment and finally the adhesion between contacting surfaces. To 

assess the reliability the material limits are compared with the stress during the 

operation. It has been shown, that the electrostatic micro-actuators are reliable as 

long as (hey are operated in dry air. But the combination of high electric field with 

humid air can lead to mechanical breakdown, i.e. rupture of the suspension spring. 

In a long term operation of electrostatic actuators high air humidity should be 

hindered from reaching the air gap capacitor. 

Having developed a MEMS device with high performance and good reliability 

doesn't mean, that such a device has already all the chances to be industrialised. 

Besides commercial considerations, another aspect related to MEMS is of particular 

importance: To be able to produce MEMS devices with good, reproducible quality, 

the application specific fabrication has either to be very simple or several hundred 

wafers should be processed every year in the wafer foundry. Large numbers of 

wafers translate into hundred or thousand times more chips. Especially in the 

starting phase such high quantities can't be sold. In addition in this early phase of 

industrialisation development costs can become very high. The risks also are very 

high in the beginning. Therefore the financial charge should be kept small. One 

approach is the fabrication of microsensors and actuators with standard CMOS 

technology and using some postprocessing of the mechanical devices. Multiproject 

wafer services can be used to divide the financial investment on several customers. 

But based on standard CMOS the technological possibilities are limited. For the 

application specific processes such as those developed in this thesis other solutions 

have to be found. The solution, we have chosen, is to run a prototype production in 

the fabrication facility of the IMT; for higher volumes the production can be 

transferred to a wafer foundry specialized in MEMS such as the Swiss Center for 

Electronics and Microtechnotogy (CSEM) Inc. This flexibility will allow to shorten the 

time form prototype to product and it permits to keep development costs reasonable. 
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