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Abstract 

Microactuators are active elements for microelectromechanical systems (MEMS), 

and are used to provide force to move the MEMS device in the way required. 
Therefore, their force characteristics, displacement capabilities and velocity ranges 

are of importance, and require to be investigated. Scratch drive actuators, thermal 

actuators, and comb drive actuators have separately been characterized, improved, 

and modified in this thesis. 

Asymmetric thermal actuators are current driven actuators that can generate 

relatively high force and can be operated bi-directionally. We have designed a novel 

structure that has a higher displacement than traditional asymmetric actuators. The 

increment of maximum displacement is about 20 % above the displacement of the 

ordinary asymmetric thermal actuators. Detailed electro - thermal heat dissipation 

and expansion - deflection mechanical analyses has been performed to advance the 

idea. Device prototypes have been designed and the fabricated devices were tested; 

the experimental results show a good match to the theoretical analysis. 

Scratch drive actuators (SDAs) have been modelled and characterized both on travel 

and force performances. Long linear travel SDAs have been designed and the 

fabricated devices characterized by using a high-speed camera. Detailed motion has 

been recorded. A theory for flexing of SDA plates has been developed. Voltage - step 

size relation has been obtained by theoretical analysis. Theoretical and experimental 

results have then been compared. Force characteristics of single and multi-plate 
SDAs driven by different voltages have been measured by means of micro box 

springs. The SDA typical step size has been measured to be 7 nm at 60 V and 100 HZ 

driving condition. Typically, a4 stage SDA driven with 200 Volts produces a force 

of 850 pN. 
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Comb drive actuators are commonly used in resonators, which need high Q factors. 

However in some applications, such as optical choppers, they require low Q factors 

so that they can be operated over a large frequency range. We have designed a comb 
drive actuator with spring that can be operated from a few Hz up to 5 kHz. The static 

and dynamic testing and theoretical analysis have been undertaken in this thesis. 

A variable optical attenuator (VOA) has been designed, and fabricated by surface 

micromachining using PolyMUMPs (Polysilicon Multi-User MEMS Processes) 

foundry process. The principle is simply interrupting the light beam by a vertical 

microshutter. An array of SDAs have been used to drive the microshutters. 
Microhinges are employed to build the vertical microshutter. Stress-induced beams 

are used to self-assemble the microshutter. Optical simulation of the VOA has been 

performed using Rayleigh-Sommerfield diffraction theory. Devices have also been 

tested with single mode optical fibres. Testing results show a dynamic range of 34.2 

dB. The VOA structure was driven at a speed of 1.6 pm/s at 150 volts and 100 Hz 

driving condition. 

An optical chopper has been realized by a pair of comb drive actuators driving two 

shutters. Two shutters are employed to double the response time. The device has 

been designed and fabricated using SOIMUMPs (Silicon On Insulator Multi-User 

MEMS Processes) foundry process. Completely design, simulation and testing of the 

chopper has been undertaken. The attenuation range of chopper has been measured to 

be from - 1.4 dB to - 29 dB. The response time of the chopper has been measured to 
be 90 Its. 
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Chapter 1 

Introduction 

1.1 Brief historical background 

Microelectromechanical systems (MEMS) is a term about a technology for making 

small devices and systems that are (a) a substitute for larger devices or (b) perform 

actions that have no equivalence in larger devices. MEMS can be found in systems 

ranging across automotive, medical, electrical, electronics and communication 

applications. Its techniques and devices have the potential to affect our lives and the 

way we live. First introduction of this technology should be owed to Richard P. 

Feynman who delivered a very famous talk: There's Plenty of Room at The Bottom 

[1] in 1959. His exploration gave opportunities and challenges for manipulating and 

controlling devices on a small scale. That is the time when the Integrated Circuit (IC) 

technology was not too advanced, so there were many technological unknowns and 
limitations for making physically small structures. He considered the application of 

increasing storage by minimizing the material required to represent element of 

information. He said: An entire encyclopedia could be written on the head of a pin. 

Less than a decade later, in 1967 Nathanson invented the resonant gate transistor, 

which probably was the first batch-fabricated MEMS device [2]. In this device, a 

suspended cantilever beam coated with gold modulated the electrical performance of 

the transistor. In 1982, another remarkable paper was published: it reviewed single 

crystal silicon as a mechanical material, and was written by Kurt Peterson [3]. A few 

years later in 1986, Howe and Muller at the University of California, Berkeley 

developed a new technology that used polysilicon as a mechanical material; this 

technology is called surface micromachining [4], and is widely used to fabricate 

multi-layer MEMS devices. An impressive example of a commercial MEMS device 

that has been fabricated using surface micromachining is the AD-XL50 

microaccelerometer produced by Analog Devices Inc. [5]. Researchers developed 

valuable electrostatic controlled micromotors using surface micromachining in 1989 

[6]. The 1992 paper 'Microfabricated hinges' gave an opportunity to build out of 
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plane 3-D structures [7]. In 1992, MCNC started the Multi-User MEMS Process 

(MUMPS). It is now a commercial MEMS foundry, which now provides a 

polysilicon surface micromachining process (PolyMUMPs), a SOI micromachining 

process (SOIMUMPs) and a metal micromachining process (MetaIMUMPs). It 

dramatically increases the speed of MEMS prototype development. Following 

surface micromachining, Deep RIE technique was developed, and it offer great 

opportunity to micromachine thick single crystal silicon structures [8]. 

1.2 Motivation: 

There has been a rapid development of microelectromechanical systems (MEMS) for 

optical communications, such as variable optical attenuators [9], [10], [11], [12], 

optical switches [13], [14], [15], and optical scanners [16], [17], [18]. All these 
MEMS optical devices need high performance actuators to realize their functions. 

Microactuators fabricated by MEMS are operated by electrical signals, and include 

scratch drive actuators (SDAs) [19], comb drive actuators [20] and electro-thermal 

actuators [21]. Although these actuators are well developed, there is also increasing 

need to precisely characterize them and improve their performances. Integrating 

microactuators with micro-optical elements such as shutters and mirrors is also 
important to optimize. 

For asymmetric electro-thermal actuators, the deflection is limited by thermal effect. 
Normally, a "traditional" surface micromachined asymmetric thermal actuator will 

stop bending at around 10 gm, further increasing input power will lead to damaging 

the structure [21]. It is essential to develop a technique to compensate this drawback. 

In this thesis, a novel implementation of the asymmetric thermal actuator meets this 

requirement. This approach introduces a brand new concept: 'electro-heating beam 

shape factor'. With this concept, the displacement range of the electro-thermal 

actuators is extended. 

For scratch drive actuators, the force generated has previously been measured using 

buckling beams [19]. In this thesis, a more precise way is used to measure the force 
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generated by SDAs and also the SDA force under different applied voltages is 

evaluated by this method. 

Much research has been conducted on MEMS variable optical attenuators. Table 1-1 

lists the technology and performance of recent micromachined variable optical 

attenuators. 
Table 1-1. MEMS variable optical attenuators 

Attenuator I E91 Attenuator 2 
[10] Attenuator31ll Attenuator4 [121 

Surface Silicon-on- Polysilicon Polysilicon 
Technology 

micromachining insulator surface surface 
micromachining micromachiaijIL 

25 dB range, 3 
50 dB range, 

5 ms 
50 dB range, 45 dB range, 37 

Performance 
Rs response time response 

100 Rs response ms response 
time time time. 

In this thesis, a self-assembled 3D MEMS VOA driven by scratch drive actuators 
was designed and tested. The device was designed and fabricated using Polysilicon 

multi-layer surface micromachining. The shutter in the device was assembled by 

means of stress-induced bending beams. The advantage of the SDA driven VOA is 

precisely controllable attenuation due to the precise step size of the SDA. The step 

size of SDA is examined both experimentally and theoretically. The dynamic 

attenuation range was measured to be 35 dB, and one-step distance of SDA was 

estimated to be 16 nm. 

Miniaturised optical choppers fabricated by various micromachining technologies 

and in different material systems have been reported in earlier literature [22-25]. In 

[22] a micromachined chopper based on a moving diffractive element was reported 

for infra-red measurements. The device was fabricated on LPCVD silicon nitride 

deposited on a sacrificial LPCVD oxide deposited on a silicon substrate. In [23] an 

electrostatic actuator was used to drive a single polysilicon shutter integrated with a 

silicon phodetector. Polysilicon surface micromachining is used in the fabrication 

process. In [24] the micromachined chopper reported was fabricated in quartz and 

the device was piezoelectrically driven. The quartz chopper of [24] with dimensions 
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of 6mm x 7mm, is substantially larger than the compact device developed during our 

research. In [25] the chopper was also fabricated using polysilicon micromachining, 
but with the inclusion of a back-side etched hole through which the light to be 

chopped is transmitted. 

The chopper described in this thesis has been fabricated in BSOI (bonded silicon-on- 
insulator) which is mechanically superior to polysilicon. The single crystal silicon 
has larger value of Young's Modulus than polysilicon, and also the layer of the BSOI 

can be thicker than deposited polysilicon layer. The design is symmetric about its 

centre. Each half of the chopper consists of a blade attached to a suspension and 

electrostatically driven by a comb microactuator. The two comb drives are 

electrically connected in parallel. The two blades form a slit that can periodically be 

closed, resulting in the chopping action if an a. c. voltage is applied. The advantage 

of comb drive optical chopper is its high response speed. The comb drive actuator 

along with proper suspension was simulated both in a lumped model and FEM 

model. Experiments using a high-speed camera verified the theoretical mechanical 

model. An optical model was built for double shutter optical chopper using 
diffractive theory. The overall dimensions of the chopper, including the 

microactuators and micromechanical suspension, are 1200 ýtrn x 1200 Rm making it 

very compact. Experimentally, the device was driven from 0-34 volts d. c. to measure 
its static characteristics. For dynamic characterisation, the device was operated from 

0-28 volts a. c. and its fundamental resonant frequency was measured to be 3 kHz. 

1.3. Outline of this thesis: 

The rest of the thesis has been written as follows: 

A brief review of microactuators is presented in Chapter 2. Actuators driven by 

different principles such as electrostatic, magnetic, electro-thermal and so on are 
described in general. Applications of those actuators are listed. 
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The content in Chapter 3 mainly focuses on our designing and modelling of the 

electro-thermal actuators. Three types of thermal actuators were theoretically 

investigated both in heat conduction domain and mechanical domain; conduction 

effects were considered only in these analyses for the reason of simplification. The 

emphasis of this chapter is introducing a concept 'ohmic heating shape factor'. A 

novel asymmetric electro-thermal actuator was designed using this technique. 

Detailed temperature distribution analysis (including substrate effect during the heat 

dissipation) was performed together with mechanical analysis. Devices designed 

using this technique have been fabricated by PolyMUMPs. The performance of those 

devices was characterized, and are shown to match the theoretical result very well. 

In Chapter 4, the designing modeling, design and evaluation of scratch drive 

actuators is presented. Motion characteristics of SDA (including short track and long 

track) was investigated, the step size of the SDA was obtained experimentally. The 

travel speed variation due to the different surface contact was analyzed by surface 

profiler - Veeco system. Also the step size of SDA was theoretically solved by 

constructing a static model of the SDA. The force characteristics of SDA were 
investigated. Microsprings attached to the SDAs have the function of measuring the 

force generated by SDAs. Nonlinearity of the microsprings have been analyzed by 

FEM software - ANSYS. Forces of 250 ± 36 pN for one plate SDA up to 850 ± 36 

pN for 4 plate SDAs have been measured for 200 volts driving voltage. 

In Chapter 5, the design of a variable optical attenuator driven by SDAs is presented. 
In the mechanical design section, the microhinge is described and design sequence is 

presented step-by-step using L-Edit software. The microhinges connect the SDA 

array to a microshutter. Stress-induced bimorph beams have been used to assemble 

the microshutter. The theoretical model of stress-induce beams has been built using 

classic mechanical theory. Also the temperature variation of the stress-induced beam 

has also been investigated both in theory and experiment. The optical model was 

built using Rayleigh-Sommerfield diffractive theory due to the 'near field' distance 

in the system. Experiments have also been done on the optical performance of the 

variable optical attenuator. 
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Chapter 6 is about an optical chopper driven by a comb drive actuator. The novelty 

of this device is the double shutter mechanism. It doubled the response time of the 

attenuator. The detailed analysis of the structure as well as its optical properties haýe 

been conducted. Devices were fabricated by the SOIMUMPs Process. Experimental 

results are also presented in this chapter. 

In chapter 7 the main conclusions are made for the entire thesis. 

All the devices of this thesis have been fabricated by MEMSCAP Multi-User MEMS 

Process (MUMPs), which is briefly reviewed in Appendix A. 

1.4 Main achievements reported in this thesis 

The following are the main achievements of the research: 

1. We optimized the traditional asymmetric thermal actuator, which has enabled 

an increase of the maximum bending displacement 20 % more than that of 

traditional asymmetric thermal actuators. Theoretical derivation and 

experimental testing are described. 

2. The scratch drive actuator's force has been characterized using microsprings. 

Forces of 250±36 gN for one plate SDA up to 850±36 pN for 4 plate SDAs 

have been estimated for 200 volts driving voltage. Within the uncertainty 

quantified above, there is a near linear relationship between the number of 
SDA plates and the force generated. 

3. Integrated microhinges and stress-induced bimorph beams are introduced and 

used to self-assemble vertical micro-shutters. The theoretical analysis and 

experimental results show this method having the potential to realize complex 

3-D structures. 
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4. Scratch drive actuators and comb drive have been successfully utilized to 
build micro-optical systems - variable optical attenuator (VOA) and optical 

chopper. The advantage of SDA driving VOA is that the device can be 

controlled in a very precise way, because the step size of SDA is very small 

(around 16 nm in measurement). The advantage of the optical chopper driven 

by comb drive actuators is that it has fast response speed (around 90 gs) with 

a high operation bandwidth. 
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Chapter 2 

Review of Microactuators 

2.1 Introduction 

Actuators are energy converters, which usually convert electric energy into 

mechanical energy. Microactuators are key devices allowing MEMS to perform 

physical functions. Many types of microactuators have been successfully 
implemented. Here, some types of microactautors are briefly reviewed and 

application examples are listed. 

2.2 Electrostatic actuators 

Electrostatic actuators utilize coulombic attraction between two bodies to induce 

displacement or to exert force [26]. The electrostatic force can be calculated from the 

stored energy (Ue) in the electrostatic field of the device. In general, this energy is 

I 
given by Uý =_CV2, where C is the capacitance of the device, and the force is 

2 

given by the gradient of U,: 

F= -VU, (2.1) 

in component form, the above equation can be written as: 

Fý =-aU, F =-U", andFý = '5U (2.2) 
OX Y OY az 

Many electrostatic actuators configurations have been reported in the literature [271, 

[28], [29]. In this section, we list the principle of some electrostatic actuators. 
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clallill 

liack 
chill;, 

I 1, -,. 
2-1. Principle of'operation. First the front clamp is actixatcd and dic actuator platc 

i, dellccicd Litm imard. This causcs contraction oftlic actuator and back clamp 1" pul Icd 
1'()r\\ ard. Nc\( the back clamp 1%, acti\ mcd. the front clanip and the actuator plate are 
released. 'I*Ilc platc stretches and Ilic I'l-0111 Clamp ]'ý pushed 

SDA platc 

hu. 2-2. Principle of'operation. Whell OlUWc is applied across tile capacitor-11kc Sti-LICILire 
I. ormed bý tile plate and substrate. tile plate experiences an electrostatic force that pulls it do\\ 11 
toý%ards the substrate. Tllc warping oftlic plate Causes tile bushillu to tilt, thereby "IR11119 
tomards tile cclue in contact mth tile substrate. When tile witage is rcnimed. the plate and 
bushing return to their horizontal position, but translated I'On\ard a small distance. 
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1,11C \\()I. klllg 1)1. lllcll)lc of all c1cctrostatic s1cprcr motor is Sho\\ I) ill Figill-C 2-1 1291, 

scratch (11. i\c actuator (. SI )A) is sho\ýn ill Figure 2-2 1191. and comb di-kc actuator is 

shomi in Figure 2-3. Scratch dH%c actum nonnaMy has largc output force I (A) 

pN ill 120 V singIc platc), and Iong tra\ cl displaccnicnt I 11) 1. Analý,, is of SI )A is 

1111LIcrtakcii ill Chaptcr 4.1 lic Isl )A call bc uscd to as"CIIII)IC 1111cro componcilts or 

actuate (lie Illicro part", such as mirror". ('01111) (11-kcs arc used ill a \; Irictý of 

application', They arc illcol-pol-mcd ill optical S\\ itchc, ý and chopper" 125 1.1101. 

I he omil) 
df-I \c con"I sts o I, 1\\0 SO" 01' 111( CRI I I! ] I il I CdI%IC II M- CO IIIbS. Of IC', ILI CC0 fill) IS 

fiwd. another side comb called nimmu, part is SLII)I)0I-tCd b\ 111CCIMIliCill CLIstIC 

bcanis The 111o\ Ing, part is 'Ictuatcd liflcarlý bý clectrostatic *1 lic 1ý-plcal 

'Ice-1111cromachincd Comb dI-I\. CS Is 10 pill, and the generated dISI)k1CCIIICIIt 01' S111-11 

I'Orcc is I () pN 13 11. 

Comb drives are also used in micro accclerometcrs and ý, Iyroscopes. Fig 
, ure 2-31 shows 

the "ClIcillatic flum-C Of, a coillb dri\ c actuator. Analysis of' comb-dri\ c actuator is 

in L'Iizii)tcr 6. 

Fixed c1ccilodc, 

Sprin. i! 

\Io\ Cable c1ccirodcs 

Anchor ---- w 

Schematic timire ol'a comb drk c actuator. 
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\ 1111crolliotor (%'( \I) I,, 'Jumll In I igurc 2-4. It collslsl'ý of a 

rolor %% 1111 polc'ý Illat 1,01,111 1 C. 1pacitol. %% ith Ilic stator pole', sittlatcd oll the loop 

101,13121 It 1,0j)CI_, ItCd b) ; II)Iflý'ifig diffacilt phase signals to the , lator. Rotational 

spCck1 \\a" on the Order of 500 rpIII \01ich %ýas I-cported ill I-cfcf-clice 101. I'atcl. 

1111PI'MC111CIII hý %Icllrcgallý cl a! 1321 enahl"! innational sp"ds ofup hi 15WHI qvii 

Mid Continuous opcra IImI I'm- morc than I \\cck, \\hcrc I lic d ri\cn wh agc is SO V. 

tI4 
Rolor, 

44V 
I * 

ltttI\ 

Fig. 2-4. A schematic diagram of the %ariable capaci Z, -I It'llice 
micromotor. 

A \wbblc motor is illustrated ,, chCIII, 1tICI1lV III ht-'Lire 2-5. It consists of' a rotor that 

\\ obbles around the center hearm., -, pin 13 3)], [ 34). The rotation ol'the rotor is A'tected 

by scqL]Cllti, lll\ CXCII[1111-1 tlIC StMor c1ccirodes III the direction of' rotation. A normal 
force de\clops hemeen the excited stator clectrode and the electrically grounded 

rotor PLIII1111-1 the rotor close to the excited electrode. As 111C electrical excitatIO111 
traýels around the stator loop. the rotor rolls and rotaics. Wohlilc Motors ha%c hcen 

opcrated successfully at driN ing, \ oltages as low is 6V at speeds up to 150 rpm. 1351 
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Rotor 
. Stators 

Fig. 2-5. A imcro c1ccirostalic %\()I)I)lc motor. I 

2.3 Thermal-inechanical actualor 

I 11cf-mal-mcchanical actuators Ilse the linear or \ olunictric expansion as \\ell as. tile 

shape dc1lormadon by the hinictallic cf! 'ect, which occur duc to a ICIIII)CNIRII-C ChanUC 

[36L [37Y ITennal expansion is a stz-ong Rwcc. In a sin. gic material actuator, \\Ilcll 

combining a 'hot* (thin) arm and a 'cold' (\\ide) arm in a U-shape geoinctry, tile 

deflection is generated due to tile diff'ercilt expansion. The arms arc. joincd at the free 

end. which constrains tile actuators to move laterally toward the cold arm. *Ihc 

POIySiiiCO11 thCrInal aCtUator has been demonstrawd to Me swppcr mohws and linear 

motors, as weil as as,, cnible 3-1) structures [381. I'lic schernatic diagram of such a 

OICI-111.11 aCtUator is shown in Fil-'Ure 2-6. 'Ile typical output Rwce or a sudbcc 

micrornachined shape bimorph thermal actuator is 10 pN at 5 j, un displacement, tile 

length ot'hot arni is 240 pm and cold ann length is 200pm. 

Another type of thermal actuator called the A- shaped thermal actuator sllo\\ n in 

I-'], -, Lire 2-7 [ 391. The 'V shape thermal actuator Consists 01' t\\ o 111111 hot beallis at a 

small angle respect to each other. This is a toggle mechanism that pro\ldes large 

motion aniplification. proportional to 10 for small angles. \VhCll I CUlTellt IXISSCS 

through the structure, the olimic licaling and thermal cxpanslon of the ribs causes 

lincar motion of the middle shuttle. TIIIS tý])C Of ZlCtLlMor can be Lised to actuate rl' 
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s%%l(ch or filicro Optical k: 011111olicnis 140]. 1 lcoro-lhcrm; d actuatoi,, arc ýIjjalwcd in 

('11alitcr " 

10. \lolloll (Ill-cctioll 

I iol 11 111 

ýilclior 

Cold, 11-111 

Fig. --0. A scliciiiatic figurc of tlic 'llot ann' tlici-iiiýil nicchanical 
actautor. 

A %lotion dircction 

Fig. 2-7/. A schematic figure oftlie 'V* shape thermal mechanical actautor. 
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2.4 1 hermopnemnalic actualor 

I lici filoplICH111,1111, JC111,11m. IN haNed oil the L'a', cxpawslon. \\ licil "ImpIc gasc'ý are II 
licated thcý c\pand according to the \\ell knomi ideal I; i\\: PF iiRT, \%herc P is the 

9111, pi-cs"urc, V Is the \(1111111C. F I" the absolute icilipcratill. c. R I's tile ga's Constant 

(0.082 1 liter alm mole K) and n is tile 11111111wr offlio1c". HIP, 1\pC ofactualor 11"'11ally 

has a chanilm. \\111cli contaII11% . -. ()file tVPc of' 2as. WlIcil tcIlIpcraturc of the L"Is 

I )KII-1111-agill displaccillcill 

t 
las CxpalislOll 

Fig. 2-8. Cross-section ofthermolincumatic actuator 

inci-cases. flic prcssurc increascs duc to tllc expansion offlic gas, then the thin wall of' 

the chamber is det'ormed. FW, urc 2-8 SIIO\\S it SC11CIUMIC CIVSS-SCC6011 0CM1 ZICUIMOI" 

using gas cxpansion. A thernlopilcuniatic actuated mICI*opunip Is rcportcd In 1411. 

UP-Io-datc microjIL111111 ýWtUatcd bý a thermoPIlCumatic consists ol' I corrugated 

diaphragni. \\hcrc tile maximum dc11cction point In the diaphragill can reach 100 pill. 

Detail int'orniation is reportcd in rellercilce [421. 

I.; shave Illeillor) alloy 

Shape nlemor\ allo% (SNIA). such as tiM, c\llilb ilt therilloclastic Illartellsiltic 

transformation leading to interesting shape recovery charactenStICS LII)Oll IICýItlllg- 

Reference [43] , Iio\\,; the applications of"I'lNi shape memory alloys in medicille and 

other fields. Thin film shapc memory alloýs (S\I,, \s) ha\c the potential to bccome a 

primary actuating, mcclianism I'M mechanical do ices \\-Itll dimensions in the micron- 

to-millimeter range reqUiring, large forces o\cr long, displacements. The \\ork output 

per \olunic of' thin film SMA microactuators exceeds that of' other microactuation 
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mechanisms such as electrostatic, magnetic, thermal bimorph, piezoelectric, and 
thermopneurnatic, and it is possible to achieve cycling frequencies on the order of 
100 Hz due to the rapid heat transfer rates associated with thin film devices [44]. 

A gripper formed by SU-8 thick photoresist and shape memory alloy film has been 

reported [45]. Here the shape memory alloy film was the actuation mechanism. The 

shape-memory effect (SME) in sputter-deposited thin-film SMA titanium nickel 
(TiNi) as an actuator for MEMS-based microfluidic devices, has been investigated 

[46] as it is capable of both high force and high strains. The resistivity of the SMA 

thin film is suitable for Joule heating, which allows direct electrical control of the 

actuator. 

2.6 PiezoeIectric actuators 

Piezoelectric materials produce charge on their surface when they are mechanically 
deformed, and conversely, they become deformed when they are subjected to an 

electric field [47]. Piezoelectric materials can be divided into single crystals, 

ceramics, and polymers. Examples of the single crystal piezoelectric materials are 
lithium sulfate, rochelle salt, quartz, tormaline, and LiNb03. General ceramic 

piezoelectrics are Lead zirconate titanate (PZT), barium titanate, and ZnO. 

Polyvinylidene fluoride is an example of a piezoelectric polymer. Piezoelectric 

materials are usually of two kinds: materials with build-in net electric dipole moment 

and materials that need poling to become piezoelectric. 

In piezoelectric materials, the strain-stress relationship is modified by the presence of 

the applied electric field. Thus, one can write [48]: 

S=sT+dE (2.3) 

where S is the strain, T is the stress, s is a coefficient connecting S and T, and d is the 

coupling coefficient between the electric field (E) and the strain. S, T, and E are 

vectors, and s and d are tensors. Some typical piezoelectric transducer displacement 
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1110(ic" arc III I: Iglli-c 2-1) (a) and -'-, ) (11). It v, I-cll()I. tc(i that 1)1. csslli. c 

tit' 2k Pa %%aý, ineamired III a pic/oclCoric actilated III Icrollillch Mcd 1)111111) 149 1. 

1 2-9 (a). I'llickness C\11; lllsloll Illodc of' I)iC/k)clcctl-lc 
Lie\ ices. 

ý 

v 
FIL, - 2-9 (b), Thickness shear (TS) mode of'pic/. oclectric 
do ices. 

Piciocicctric actuator has been used ill an optical scanner [50], %\Iilcll is used ill a 

\ariet\- of optical systems, including laser radar. optical communication systems, 

object indentification and sizing (by triangulation). distance measurements and 

holographic data storage. A PZT Limmorph cantilever actuator, fabricated oil a 

sacrificial polysilicon laver and released using a xcrion difluoride dry etch, \\as used 

to realize a nlicronlachmed electrical switch [51]. A piezoelectrically Lirl%'cil 
hydral. 111C aillplifiCatlOil rilicro\alvc f'or usc ill compact Iligh-performancc hydraulic 

pumping systems \\as described ill 
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2.7 Magnetic microactuator 

Magnetic actuators are used in everyday applications in the form of relays, 

electromotors and automatic valves. Magnetic actuation methods offer the repulsive 

forces in addition to attractive forces. This is in contrast to electrostatic method 

which offer only attractive forces. 

Most magnetic actuators that are reported use attractive forces that can be generated 

between a ferromagnetic material and a current-carrying coil (an electromagnet), as 

shown in Figure 2-10 [53]. There is another type of actuation that uses a permanent 

magnetic instead of the magnetizable part. In these devices, the actuators can 

generate both attractive and repulsive forces [54]. 

The net force (Fy) in the direction of y, experienced by the magnetic material is: 

awm (2.4) 
Gy 

where, Wm is the potential energy of the a magnetic material, with total 

magnetization MT (ý MV, where V is the volume, M is magnetization, the 

magnetization M of a dielectric is defined by M= N [t, where N is the number of 

magnetic dipoles per unit volume and V is magnetic dipole moment per dipole. ). In 

an external field, B, 

WM =-MT * B, (2.5) 

The equation (2.4) can be used to calculate the force that can be generated in the 

configuration shown in Figure 2-10. 

Magnetic forces has been reported to assemble a micro miror [59]. In another paper 

[56], magnetic force have been applied to realize a optical scanner. 
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2. N Applications of Illicroactuators 
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mici, omotor 1571 

acccleronictcr and p roscolic 158,5 5 

nucrosliuItcr 1601 

micromirrot, 10 1.021 

nilcroscanner 1631 

libre sý\ itch 1641 

microrclay 165.66,671 

microýalvc 1681 

fibi-c-switch 1691 

1 /01 

micropump 14 1.421 
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phase conversion microvalve [7 1] 

inkjet printhead [72] 

shape memory microvalve [73] 

micropump [46] 

optical switch [74] 

piezoelectric micropump (75] 

accelerometer [76] 

HDD servo system [77] 

electromagnetic microrelay [78] 

microgyroscope [79] 

mircoscanner [56] 

micropump, micro-valve [80,8 1 
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Chapter 3 

Optimization of Micro-Electro-Thermal Actuator 

3.1 Introduction to thermal actuators 

Thermal microactuators are widely used components in active MEMS devices, and 

are capable of generating large force (e. g. single asymmetric thermal actuators, the 

output force is typically 10 [iN, the force can be increased by using actuator array), 

and have bi-directional operation. Thermal actuators rely on thermal expansion due 

to temperature increases. Different means have been applied to raise the temperature 

of the structures. These are divided into actively heated and passively heated 

structures. For actively heated structures, an electrical current is passed through the 

actuator, and Joule heating occurs (here, named electro-thermal-actuator). For 

passively heated structures, the actuator is heated by a heater around it, under it, 

beside it, or on top of it. In this chapter, the electro-thermal-actuators are focused 

upon. 

In electro-thermal-actuator (ETA), various geometries have been utilized to obtain 

lateral or vertical motion. The basic structure is a straight buckling beam fixed at its 

two ends [82]. When the beam expands, it can buckle upward or downward thereby 

exerting a force. The second approach is the asymmetrical thermal actuator [37], 

which comprises beams of two different widths connected at one end and made from 

the same material. Different expansions of these two beams due to different electrical 

resistances of these two beams causes lateral deflection when same current is applied. 

'U' shape thermal actuators have been realized to actuate an optical switch [691. 

Thermal actuators constructed from two different thermal expansion materials 

(bimorph) have also been reported to achieve in-plane and out-of-plane movement 

[83]. Thermal actuators consisting of beams having the same cross-sections, but 

different lengths connected together at one end is another type of electro-thermal 
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aciumor 184 1. Anotlici t\ pc (it' thermal actuator Is callcd tile 111crinal-mcchailical ill- 
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V-Sllapcd thermal actuator dcý, Igli coll"INt" of a Illo\Cable "1111111C Connected Io 

electrical Contact pad" kill tile "111)"ll-ate by thermal C\pall"Wil IC11,; and Current 

flow, throtwh tile lcg,. and tile "lluttic. Fhe high Current dcfl"Itý In Ilic legs Causes 

11catillu, and thermal C\pallsion. If tile thickne,, s \ý idth ratio I,, lai-Lm- than I. it mll 
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III tills thesis, (ill-cc I1\pC,, of CICCII-o-111crilial actualor" Im\c I)CCII Imillcricalk 

allalý/Ckl. 11CI. C. olllý 111crilial Conduction is coll"Idacd 1,01- "Implillication III analysis, 

and still allkms 1111portalit Conclusions to bc Illadc. I lic Rica 1,01. 
ýIdjwstlilg tile 

IcIllpailturc prollic ()I* tile asýllllllctric \\as 11111-oduccd as 
'\Wfld III-SC. I IlC III0LIIIICd 1', ýIllillctrlc c1ccirotlICI-111,11 actualor has hCCIl designed 

1111d 1, ýIhrlcatcd 11"Ing Pok%l I AI Ps it) \ crik, the Idea. 1*\I)ci. llllcllts pel-1,01-mcd Sll()\\ 

that 111C fliodificki asyllillictric 111cf-filal actuator lix., lll()I. c dcf1cct ioll and operaling 

kh"placcillcill ralige 111,111 111C traditional actuator 

3.2 Slrii(ght beam thermal aclualor 

3.2.1 (, comvlrý of'structure 

IaI cl. , I] 
actil'it it III 

nc, 

Fiv. 3-2. Claniped-clamped micro beam buckles under heating. 

Fl, -,. 3-2 shm% s tile schematic dlauram ofa clamped-clamped 1111CI-0 11Cý1111. TIIC \% Idth 

and thickness arC 1,1111fol-Ill Z111 ý110112 111C I)CM11. \V1lClI Ml C1CCtI-ICZI1 CLII-I-Cllt IS ill)JI11CLI, 

tile result of' the clectro-thernial heating eft , CCt CILISCS t1lC hCIlII tO CX11,111d. '111C 

thermal-clastic hch. mor re, 4111S Ill bUckling and ýICILIM1011 01' t1lC Stl-LICRII-C. If t1IC 

Idill of' tile structure is greater than the beam thickness, the heam moves ill y-axis. 

)n tile other hand. iftlic \\ idth ofthe bcam is less than its thickness, /. -axis deflection 

i:, expected. The \\hoIc mcchanism Consists OfMo parts: the c1ccu-0-tho-1114.11 1-cactioll 
due to the. loule heating, and tile thermal clastic reaction due to thermal expansion. 
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3.2.2. Temperature distribution analysis 

There are three mechanisms of heat flow: conduction, convection and radiation. 
Conduction transfers energy from hot to cold regions of a substance by atomic and 

molecular interaction. Convection is the heat transfer between the air (a fluid) and the 

solid interface when there is a temperature difference. Radiation is the energy emitted 
from a body due to its temperature [85]. According to the finite element analysis 
[86], heat dissipation through radiation to ambient can be neglected in comparison 

with heat losses through conduction in the types of micro-thermal devices analyzed 
here. 

First of all, Joule heating of section dx (shown in Fig. 3-3) in the beam resulting from 

voltage Vi is 

2 

Qji = -' - A, dx (3.1) 
AiRiLi 

where, Qjj stands for the heat generated by the element dx of beam i (here, i=1, 

because only I segment in this type of actuator). Vi stands for voltage applied on the 

beam, Ai is the area of the cross-section of the beam i, Ri is the resistance of the beam 

i, Ri = pL/Aj, where p is the resistivity of polysilicon (2.32xl 0-3 92-cm) and Li is the 

length of the beam i. 

Only heat conduction is considered in this analysis. From reference [87], we assume 

the beam material possessing thermal conductivity, kp, independent of direction. 

Then the one-dimensional form of Fourier's law of conduction is: 

-k A 
aT 

= (3.2) 
pi ax 

Qx I 

Substituting equation (3.1) into equation (3.2), we can obtain the thermal transfer 

equation of the electro-thermal actuator 
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C. v A, R, L, 

rc-orL'aIl i/ mhz ciIuJt ion (3.3). 

0.4) 

A"o, 111111111! pllrclý Coll"ILlcmc licat trall"Icr. the ICIIII)CI-111111-C along 111C 111crilial actualor 

SMISfICS OIC CLIUM1011 ( 3.4). It P, ASSUMCd 01M thC 111MCI-WI propatics kccl) constant 

tholudi the tollPeraturc ralluc. The diniciisions of the buckling heam are , Iio\\ii in 

110. \ 

I. 

Solving equation (3.4). \\c get 

T(. v) K 
Ix +C3.5) i I*v +C.. ...................................... () - 

and C, are arbitrarv const, ants. RLk "I 

Chapter 3 24 

Flu. 1-1. A lixcd-fixed beaiii. 



The boundary conditions of equation (3.5) are 

T(O) =C2 =TO ; (3.6) 

12 
T(L) 

2 
KiLi + CLi+ C2 

= To (3.7) 

Taking, To, the temperature of the environment to be 20 deg. C and solving equation 
(3.6) and equation (3.7), we can get the C, and C2 values. Then substituting C1, C2 to 

the equation (3.5), and letting kp = 50 W/m. K for polysilicon, t=2 [tm, w=2 ýtrn 
(and assuming there is no substrate under the beam, and ignoring the heat radiation to 

the air), three different lengths (200 gm, 300 gm, 400 gm) beams have been 

analyzed. We find that when the same input power 4.1 mW is applied to these 
buckling beams, the temperature profiles obtained, are shown in Fig. 3-4. The 

expansion of this clamped-clamped beam is defined using the formula 

AL = La(T - Tj (3.8) 

3.2.3. Displacement due to the thermal expansion 

Lin et al. [88] have developed a theoretical model for straight clamped-clamped 

micro beams under clectrothermal buckling conditions. The maximum deflection at 

the center of the beam is a function of temperature (average temperature). 

4p 
1 

(3.9) Ymax 
Ffaf 

cýý]Aý 

where A and I represent the cross-sectional area and moment of inertia of the beam. 

F is the average temperature and E the minimum strain for the beam buckling. a is 

thermal expansion coefficient. 8 is a ftinction of maxmum deflection angle, 0. "', 
which occurs at one-fourth of the beam length as shown in Fig. 3-2. 
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itý ot' Ille sitigic bealli buck Illig 1)calli actuatois. 

3.3 Asýmmetric elect rof hernial actuator 

I I, -,. "llow, the "Clicillalic (it, a traditional asýllllllctric c1ccil-Ollicl-111,11 actuator. It 

consists of' t\%o dift'crent ý\idth beams joined logether at one end, and \\ith the ends 

andhwed to the substnitc. AH the beams arc made of same material \\hich possesses 

the same electrical and mechanical properties. Becausc the beams ha\c different 
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in this actuator, so we need boundary conditions to obtain the arbitrary constants Ci. 
The boundary conditions for equation (3.5) are: 

T (0) =c 12ý TO 

T, (LI) =-I KIL21 + CIL, + C2 
= T2 (LI) =-I K2L21 + C3LI + C4 (3.12) 

22 

w, T, '(L, ) = -w, K, L, + w, C, = w2T2'(L, ) = -wK2L, + w2C3 (3.13) 

+4)2 
IK3(LI 

+4)2 +CS(LI +4)+C6 T2 VI + L2): - -2 
K2(LI + C3 (A + L2) + C4 T3 (A + L2) 

2 

....................................................... (3.14) 

w2T2'(L, + L2) = -W2K2 
(LI + L2) + W2C3 = w3T3'(L, + L2) = -w3K3 

(L, + L2) + W3C5 

...................................................... 

T3(LI +L2 +L3)-": - 
I 

K3(LI +L2 +L3 )2 +C5(LI +L2 +L3)+c6 =To, 2 

...................................................... (3.16) 

From these six equations, we can obtain the six arbitrary constants Cl - 6. A matrix is 

built to solve this problem. 

0 1 0 0 0 0 cl 
TO 

(KI -K2)01 
L, I -L, -1 0 0 C2 2 

wl 0 -W2 
0 0 0 C3 (Kw, -K2W2)L, 

0 0 L, +L2 I 
-L, -L2 -1 C4 2 

(K2 -K3)(Lj + L2 

0 0 W2 0 
- W3 0 cs (K2W2 

-K3W3)(LI + L2) 

0 0 0 0 LI+L2+L3 I 

_C6j 
I K3 (LI + L2 + L3 )2 + TO 

L2 

. .................................... (3.17) 
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From matrix (3.17), we can obtain the constants Ci, then transfer these constants to 

equation (3.5). In order to obtain numerical results, the geometrical parameters and 

other properties of the material used to calculate are given: W1, W2, and w3 are 2 gm, 

20 gm, and 2 gm separately. Again three different length actuators are analyzed, L1, 

L2, and L3 are 240 Itm, 200 gm, 40 gm; 300 ýtm, 250 gm, 50 gm; and 360 ýtm, 300 

gm, 60 [tm separately. The thickness of all the beams is the same, t=2 um. (we 

assume no substrate under the beam, and ignore the hcat radiation to the air). 

Thermal expansion coefficient is assumed same as the value we used in section 3.2 

for polysilicon. In Fig. 3-9, temperature profiles are solved when 3.6 mW power is 

applied into all the three different length actuators. 

1200 
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Fig. 3-9, Temperature distribution of three asymmetric electrothermal actuators. 
Input power = 3.6 mW, with parameters given in the text. 
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\\ 
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3, 
- 1 (). sclicill"Itic figurc (11* traditional ils% 111111ciric thallial actuator 

III relcl-clicc 1,891. Castlgllallo*ý, IlIctliod (ClIcrin. flictliod) N\a., Iltill/cd to obtaill 111C 
I. 

I'LIllCtlOIl 01' tIlC LICIICC11011 '(11" I-CkltCLI to tIlC IC11011 01' tIlC 110t IICIlll C\M-Mll 

force 'F'. and a\ crage net temperature oftlic actuator Ill Fig. 3- 1 (), It' Is dic \ crtical 
f0rce rcaction LICIlef-Mcd hý the thernial C\palisloll at the anchor point of flic hot 

bcani. 11 1,, dic horwonial rcaction florce. . 11,1,,, flic rcaction monmit. ASSUIll I'll 2 111 

cmernal I'Orcc is applicd at dic free tip of the hot licam the moments in flic hot and 
tlcxijrc componciiis arc 

%f'. =I Vx- - .1f,. (3.18) 

x) (3 -I 

F Urtherniore. in order to get three unk-nomis /I (hori /oil ta I force). 11' (\ crtica I force), 
I 

and At, (rotation moment). three I'Orniulac can be \\nttcn from the 11ict that horizontal 

di,, placcment. \ ertical deflection. and rotation at the anchor of' the hot beam are all 
/Cl*o 

F Irst, the lion/. ontal displacement contribL111011S: 
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H dx +rH dx +p dx - aAT,,,, L, =0 (3.20) 
AIE A3E 13E 

In equation (3.20), the first term stands for the expansion of the hot beam, second 

term represents the expansion of the flexure, third term represents the bending of the 

flexure beam due to the horizontal force H, and fourth term represents the net thermal 

expansion of the hot beam. 

Second, the vertical displacement contributions: 

f1 M'(x) dx + 
Mf (LI -L2 _X) 

dx= 0, (3.21) IIE 13E 

In equation (3.21), first term stands for the hot beam vertical displacement, second 
term stands for the vertical displacement of the flexure. 

Third equation, rotation contributions: 

Mh (1) 
dx +r dx = Op (3.22) 

IIE 13E 

the first term stands for the rotation of the hot beam, the second term stands for the 

rotation of the flexure. 

In the above equations, I, and 13 represent the moment of inertia of hot beam and 

flexure, E is the Young's modulus of the material we used (polysilicon), A, and A3 

are the cross-section areas of hot beam and flexure beam. 

Using these three equations, we can get the three unknowns H, W, and Mo 

respectively. Mathernatic software must be used due to the complexity of the 

equations. 

The tip displacement can be obtained using following equation 
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M (L2 +X) f 

-d X ,y 13E (3.23) 

Taking three terms H, W, and MO into the equation (3.23), letting I, = 13 = I, AI= A3 

= A, a= L3 ILI, L2 = (]-a) L1. Simplifying the result, the displacement of the thermal 

actuator is therefore 

2242 L3 

dy = 
((a 4 

-a +2a)ArEI)aAT,,,, L -((4a5+8a -8a 
3+ 12a)I + a4Ar )F 

2EI(Sa 41 
+a 

4r2 A-2a 31 
+ 5al +r2 aA +I+ a5I - 2a 2j) 

........................................................................ (3.24) 

d 
((a 4-a 2+ 2 a) ArEI )aA T,,, L2 

Y noload 2EI(5a 41 
+a4r2A -2a 

31 
+5aI +r 

2 
aA +I+ a5I-2a 

2j) 

.................................................................................... (3.25) 

In equation (3.25), the external force is 0, so this is called 'dy,,,, Iýýd'. 
Using equation (3.25) and section 3.3.1, taking data from section 3.3.1, we can obtain 

the relationship between input current and tip displacement. The result is shown in 

Fig. 3-11. Taking all the dimension and physical parameters from section 3.3.1. 
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Fig. 3-11. Input power vs. no load displacement, with parameters described 
in the text. 
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The sensitivity of this type of actuator has also been solved, which is shown in Fig. 

3-12. 
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0 4- 
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Fig. 3-12, Sensitivity of the traditional asymmetric electrothermal actuators 
(no load). 

3.4 IV' shaped thermal actuator 

The micro 'V' shaped electro-thermal actuator (bent beam thermal actuator) was 

introduced by Long Que et al [39]. The schematic is shown in Fig. 3-13. It consists of 

two same length, same width, same thickness beams connected at one end and 

anchored at the other end. These two beams form a 'V' shape. When applying current 

through these two beams, thermal expansion occurs in both beams, and lateral 

displacement is generated. This type of actuator has been used to drive a variable 

optical attenuator [90], and a radio frequency relay [40]. Here, temperature analysis 

of the actuator is conducted considering only heat conduction. Deflection analysis 
has also been performed. 
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T'(L KIL, + iv, C, 7ý'(L, K., L, + C, ). 28) 

Chapter 3 35 



I L2)2 +q +4)+C 3 +4)2 +C +4)+C +4)= K2(Lj +IK T2 (A 

2 
(LI 4 =T3(Li +L2) =2 (A Sal 6 

....................................................... (3.29) 

2(LI +L = w3T3'(L, +L= -w3K 2) + W3C5 w2T2'(L, + L2)' 
-W2K 2) + W2C3 2) 3(LI +L 

...................................................... (3.30) 

T3(LI +L2 +L3)=- 
I 

K3(LI +L2 +L3 )2 + C5 (LI + L2 + LO + C6 = To, 
2 

(3.31) 

A matrix is built to help solve these six equations. 

0 1 0 0 0 0 cl 
TO 

I 
(KI -K2)I21 

L, I -L, -1 0 0 C2 2 

wl 0 -W2 0 0 0 C3 (Kw, -K2W2)L, 

0 0 L, +L2 I -L, -L2 -1 C4 (K2 - 
K3)(LI + L2 )2 

2 
0 0 W2 0 W3 0 C5 (K2W2 

- K3W3)(LI + L2) 

0 0 0 0 LI+L2+L3 I_ 

_C6J -1 
K3(LI +L2 +L3 )2 + TO L2 

........................ .................. (3.32) 

Again in order to obtain the numerical solution, the geometrical parameters of the 

actuator are given as follows: wl = w3 =3 gm, L2 = 40 Rm, w2 = 40 pm; again three 

sets of LI (LA 100 pm, 150 pm, 200 pm are investigated; the thickness of all the 

beams is the same, t=2 um. (Assuming no substrate under the beam, and ignoring 

the heat radiation to the air). Other properties (e. g thermal expansion coefficient, 

resistivity) are same as the values we used in the last sections. 
The simulated temperature distributions are shown in Fig. 3-14. Here, 6.1 mW is 

applied to the actuator. 
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From reference [39], an analytical method is employed to solve the maximum 
displacement of this type of actuator (shown in Fig. 3-15). The maximum 
displacement, d,,,,,, can be calculated from the beam bending equation with a 

correction term for the beam compression: 

d.. =2 
tan 0 

tan 
U_L 

tanO, 
k42 

(3.33) 

1 FL 
_F 

FF 

aL 
(AL'+ 

Ewt 
), k (3.34) 

L'= 
4k 

[2G+kL+kLG' +sinkL-2GcoskL-G'sinkL], (3.35) 

where, G= tan(U14); E is Young's modulus; a is expansion coefficient; t is beam 

thickness; w is beam width; I is moment of inertia of the beam; L is length defined in 

Fig. 3-15; 0 is bending angle defined in Fig. 3-15; F is reaction force along the x-axis 

at the anchors shown in Fig. 3-15; F is average temperature of the beam; AL' is 

change in L'due to F. 

From last section, the length L is equal to sum of L, + L3, taking three different value 

of length L as described in section 3.4.1; width of beam is 3 um; thickness of beam is 

2 um; bending angle is 6 *. Using the results obtained from section 3.4.1, a series of 
input powers results in a series of average temperature changes, then, a series of 

value of maximum deflection can be calculated. All the physical properties are the 

same as those used in section 3.4.1. 

Finally, the relationship between input power and maximum deflection is shown in 

Fig. 3-16. In order to better understand the performance of the actuator, the 

sensitivity dyIdW has been worked out, which is shown in Fig. 3-17. 
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Fig. 3-16, Deflection vs. input power, with parameters described in the text. 

Fig. 3-17, Sensitivity of the 'V' shaped electrothermal actuators. 
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so this differential expansion will cause the actuators to bend laterally. Surface 

micromachining and SOI micromachining are commonly used to fabricate such 

thermal actuators. 
This type of thermal actuator has been well analyzed both experimentally [37], [38] 

and theoretically [89], [91]. In this type of actuator, the cold beam does not have the 

main role for actuation; it is the hot beam which is of greater importance and acts as 

the 'active' part of the actuator. Generally the higher the temperature of the hot beam, 

the greater its expansion and the larger will be the deflection of the actuator. The 

temperature referred to above is the average temperature along the hot beam. 

Normally, this type of actuator is designed with the hot beam having a uniform 

width. The temperature profile of the actuator with a constant width hot beam has 

been obtained by solving the heat flow equations as described in [89], [91]. The 

result shows that the temperature profile along the hot beam has a single peak value, 

which appears at the middle of the beam. If the actuator is fabricated in polysilicon, 

the peak value of the temperature should be kept below 1000 T to avoid thermal 

failure. In order to avoid permanent damage, the actuator is driven with a current 

which ensures that the peak temperature of the hot beam is below that required to 

produce the damage. The direct consequence of this is a lower average temperature 

leading to a smaller deflection. It is intuitive that if a beam of constant cross-section, 

and hence constant electrical resistance, generates a temperature profile having a 

maximum value at its center, then locally lowering the electrical resistance in the 

center zone of the beam to reduce Joule heating in that region will modify the overall 

temperature distribution such that the peak temperature is reduced. Thus, a more 

uniform spatial distribution of temperature with higher average value is produced in 

the hot arm, without there being hot spots which could lead to thermal failure. 

In order to manipulate the temperature of the hot beam to avoid thermal damage yet 

obtain a large deflection, a novel design is introduced to prevent high peak 

temperature. In this design, the width of the hot beam is no longer uniform. The 

middle part of the beam is made wider than its two ends. The schematic is shown in 

Fig. 3-19. In Fig. 3-19, L1, L2, L3 are the lengths of the first, second, and third 

sections of the hot beam separately. L4 is the length of the cold beam. wl is the width 

Chapter 3 41 



111C hot bcaill. lv? Is llic NN idill of 111C Cold I)CIIIII. I lic ICI101 of 111C 11cmil-C I" L/ f L" I 

L; - 1.4. and (lic %%ldill of Ilc\III-c I" 111C "allic a" 111,11 ol, the I 11"'t scctloll of Ilic hot 

heani. With thiN particular shapc of, 11CIIIII. 111C ICIIII)CI-aturc profile of llic Ilot I)C. Illl Is 

cli'llwcd, ýIlld it \ý III he Nil()\\Il that it no longa has flic peak Icnipcraturc at a singIc 

CCIIII-111 point. 111,1cad. a more (1111forill ICIIII)Crallurc prolile is 'ICI]iC\C(I. Willi thill 

LICSILM. file IIC\\ ýICILIMOI* Cill'i LiCflcct more In Comparison to file 11-adition'll dc"1211 

Ill-ldc In file "allic material. A temperature almlysis and C\pcI-IIIIcIII"I1 I-C'sults m-c 

presented in the 1,6110%%ing sections. 1-fic effect of dimensions on 111C IC11111craturc 

di"ll-ibution of' 111C hot beam is allalý", Cd ill 111C IIC\t Sh(Ming that all 

optimi/cd lcililicrature distribution can bc obtained. I-lie \; flucs of electrical. 

mechanical and thermal conshilits used in all the anaksis undmaken are Ar 

polysilicon. since Ohs "as die nucrid us"! w AbHcmc dic test actuators \0hch \ýcrc 

C\pcrllllclllallý CNIIIIIatc(l. 

1 11 

------------ p"N ---------------- 

-----------------------------! 
-- ----------------------------------------- 

I, 

\\i 

I 
4- 

2 1 .1 
II-I -' , 

1,1-1,4 

FIL,. 3-19. Schematic twurc Of the IniproNed design of thcrimil aCILIatOI-. TIIC lo%%cr 
diagram is ail tinfOlded thermal actuator 

Chapter 'i 42 



3.5.1. Temperature Analysis 

3.5.1.1 Dimensionless temperature parameter 

There are three mechanisms of heat flow in the thermal actuator: conduction, 

convection and radiation. According to reference [89], the natural convection is 

determined by the Rayleigh number Ra. Ra = gfl1(vaT)(T-Too)S3, where g is the 

acceleration due to gravity,, 6 is the coefficient of thermal expansion of air, v is the 

kinematic viscosity of air and aT is the thermal diffusivity of air. T is the heating 

element's temperature, and Toois the ambient temperature and S is a characteristic 
dimension, here S is the width of hot beam. In the macroworld, Ra is typically large: 

105 to 109 and convection is therefore important. For a hot beam 2 ýLrn in width at 800 

K, Ra = 2.7 x 10-8: diffusion dominates and the microscale heat transfer takes place 
by conduction, as opposed to convection. The conduction heat transfer coefficient U 

can be approximated by: 

kf 
Az 

where kf is the fluid thermal conductivity, and Az is the beam to substrate distance. 

Using a kf of approximately 0.03 W/m. K, for air [89], and assuming purely 

conductive heat transfer and approximating the heat transfer coefficient U as a 

constant, the steady-state temperature along the thermal actuator satisfies the 

equation: 

a'T UP J2 Ri 
a2': - (T - TO) - 
x Aikp AikpLi ............................. (3.36) 

The subscript i refers to the zones of the actuator. The traditional actuator has 1 :5i: 5 

3 while the modified actuator has 1 :5i: 5 S. For each zone, T is temperature, Pi is the 

cross-sectional perimeter, Ai is the cross-sectional area, Li is the length, kP is the 

thermal conductivity of polysilicon (50 W/m. K), I is the current flowing through the 

device and Ri is the electrical resistance. Rj = pL1-, 4j, where p is the resistivity of 

polysilicon (2.32xl 0-3 92-cm) used in our fabricated devices [90]. The first term on 

the right side of equation (3.36) is the heat transfer from the surface of the thermal 

Chapter 3 43 



actuator to the air, and the second term is the heat generation due to the electric 

current. Equation (3.36) is solved using the method described in section 3.2 and 3.3. 

The peak temperature of the actuator can be obtained by finding the maximum from 

the numerical solution set. The average temperature can be obtained from the area 

under the temperature versus distance curve 

- 1: fT(x), dx 
T-L................................................... (3.37) 

A dimensionless temperature parameter Tr is introduced, and is defined as the ratio: 

Peak Temperature of the hot beam 
Tr = ...................... (3.38) 

Net average temperature 

The values of peak and average temperature are obtained from the solutions of 
Equations (3.36) and (3.37). The closer the value of Tr is to 1, the more uniform will 
be the spatial temperature distribution along the hot arm of the actuator. 

3.5.1.2. Effect of dimensions on Tr 

The analysis involves only the hot beam of the actuator. There are six independent 

variables (see Fig. 3-19), namely: L, LI, L2. wl, w2 and t that define the overall 

geometry of the hot arm of the actuator. For simplification the width of the cold 

beam is kept constant (22 gm). The width of the flexure is kept constant (2 gm), and 

the ratio of the length of flexure to L is kept constant (17 %) following reference 8. 

The parameter t not shown in Fig. 3-19 is the thickness of the actuator. In this thesis, 

all the devices fabricated have a thickness of 2 gm (determined by the fabrication 

process), and so this thickness value has also been used in the analysis, and will 

remain constant. 

In order to investigate the impact of the remaining five dimensions on the thermal 

distribution, the following procedure was followed: 
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Stgp 1). Value of driving current to actuator is selected. Values of dimensions L and 

w, of the hot beam are selected. 

Step 2). The value of Tr is calculated for different values of LI, L2 (and L3 by default 

since L=L, + L2 +L3) and different values Of W2, and a data-set for Tr is thereby 

generated. Here, LI and L2 are varied from 0 to L, LI+ L2 ::! ýL. 

Step 3). For each value Of W2 analysed in Step 2, the variation of Tr can be plotted as 

a function of L, and L2. This is illustrated in Figs. 3-20 and 3-21 which are just two 

representative plots showing how Tr varies with different dimensions. The values of 

L, w/ and W2 are given in each of these Figures. 

1.8 

1.3 

IJ, 

wl =2 um, 
w2 =3 um; 
L= 240 um; 

.. t=2 um. 

0.8 0.5 

Ll /L00 L2 /L 

0.6 

Fig. 3-20. The minimum value of Tr is calculated to be 1.33. For this 
value, LI and L2 are 55 Am and 134 jim. Input current I is set to be 7 
mA. 
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wl =2 um 
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L= 360 um 
t=2 um 
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Fig. 3-21. The minimum value of Tr is calculated to be 1.29. For this value 
LI and L2 are 58 jim and 252 gm. Input current I is set to be 7 mA. 
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Step 4). From each data-set of Tr a minimum value, designated as Trm, can be found. 

Each Trm is produced by a specific value of LI, L2 and w2. These values of Trm have 

been plotted against the width w2 in Fig. 3-22. It can be seen that in the set of Trm 

there will be a minimum value, and this is designated as Trm,, p. Trm,, p, will therefore 

have associated values of w2, L, and L2 thereby giving the optimised dimensions of 

the hot beam. In Fig. 3-22, Trm,, p is at point A. It should be noted in Fig. 3-22 that w2 

=2 pm corresponds to a traditional actuator. 

1.46 Point A: Trm,, pt = 1.33, where, Ll = 55 

1.44 [tm, L2 = 134 Itm, w, =2 gm. 

1.42 Point B: Trm = 1.39, where, LI= 110 
gm, L2 = 24 tim, w, =2 gm. 

1.4 1\ 

1.38 z, "ýB 

1.36 

1.341 \, 
_ 

1.32 1 
2 2.5 3 3.5 4 4.5 5 5.5 6 

w2 (pm) 

Fig. 3-22. The relationship between Tnn and w2. Input current is set to be 7 mA, L 
= 240 [un. 

Step 5). The entire process can be repeated from Step 1 using different starting values 

of L and wi. Fig. 3-23 shows the results of analysing six values of L ranging from 

180 pm to 480 pm. The value w, is the same for all these plots, and is 2 ptm. 
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Fig. 3-23 shows the modeling under thefollowing conditions: width offlexure and two ends 
of the hot beam 2 jum; thickness 2 pm; ratio of length of theflexure to whole length is 17 %; 
width of cold arm 22 pm; air gap between structure and substrate is 2 Pm; ambient air 
temperature is 20 ' C, input current is samefor all actuators, 7 mA. 

The effect of changing the value of the driving current has also been investigated. 

For a fixed value of L and w, (240 prn and 2 pm respectively), the minimum value of 

Trm (i. e. Trmpt) was obtained for three different values of actuation currents. Whilst 

the values of Trm,, pt are found to be numerically different, the hot beam dimensions 

at which Trmpt occurred were found to be the same, irrespective of the driving 

current. This is illustrated in Fig. 3-24. From Fig. 3-24, we can see the important 

result that the optimised dimensions LI, L2 and w2 are independent of the input 

current. 
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Fig. 3-24 shows the modeling under thefollowing conditions: width offlexure and two ends 
of the hot beam 2 jim; thickness 2 pm; ratio of length of theflexure to whole length is 17 %; 
width of cold arm 22 pm; air gap between structure and substrate is 2 pm; ambient air 
temperature is 20 ' C, - total length L is 240jum, a= LI IL, b= L2 IL. 

3.5.1.3 Temperature distribution 

The one-dimensional temperature distribution along the actuator is obtained for both 

the novel and traditional designs. For the analysis, the devices structures have a 

thickness of 2 prn as stated earlier. The following dimensions were selected for the 

traditional design of asymmetric thermal actuator (see Fig. 3-18): wl =2 ýIm, LI = 

240 pm; L2 = 200 pm; width of cold beam is 22 pm; length of flexure beam is 
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therefore 40 pm. An overall length of 240 pm was selected for the unloaded 

traditional actuator because this is the longest length at the given cross-section for 

which the internal force in the hot beam is less than the critical buckling load [89]. In 

the same reference [89], the flexure length for maximum displacement of an 

unloaded actuator is calculated to be around 17% of the overall length. This flexure 

length, 40 ptm, has therefore also been selected in this analysis. In the novel design, 

the hot beam is divided into three sections LI, L2 and L3 and there are two widths to 

be considered, wl and w2. A total hot beam length of 240 pm is selected, so that the 

overall length of the novel actuator is the same as the length of the traditional 

actuator. For the same reason, w, is chosen to be 2 pm. The cold beam of the novel 

structure has the same dimensions as the cold beam of the traditional structure. The 

parameters w2, L1, L2 and L3 are selected as follows: Referring to Fig. 3-24, a value of 

3.5 jim for w2 is chosen on the graph relating to the 240 pm length actuator. This is 

shown as point A on the graph. Although 3.5 pm is not the optimised value of w2 for 

a 240 pm length and 2 pm wide hot arm (i. e. wi), it is still nevertheless a minimum 

value of the dimensionless parameter Trm. The actual optimised value of w2 is 3 Pm 

but it was decided that for convenience of fabrication, a slightly larger value of w2 

would be helpful in achieving a clear change in width. As explained in last sections, 

the point A represents values of L, and L2 (and by default L3) which are then chosen. 

Fig. 3-25 shows the calculated temperature profile of the actuators of length when w2 

= 3.5 pm. It also shows the traditional actuator temperature distribution (w2 =2 pm). 

Additionally, the temperature profile for arbitrary selected L, and L2 is also shown 
for comparison. Input current is 5 mA. Table I shows the comparison of the absolute 

calculated temperature value shown in Fig. 3-25. Fig. 3-26 shows how the 

temperature distribution varied with electric current, for both traditional design and 

novel design. (Trm = 1.38 at 4 mA and Trm = 1.37 at 5 mA). 

Detail program written in Matlab can be found in Appendix G. 
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--- w2 = 3.5 um, arbitrary, 
%- ---------- Ll = 100 urn, L2 = 50 urn 800 - -------- 
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Fig. 3-25. The different temperature profiles representing different structure qj 
actuators are shown in thisfigure. wi =2 pm and the input current is 5 mA. 

Table 1. Comparison of temperature values in different structures 
(innut current =5 mA). 

Peak Net Peak temp / 
temperature average average temp 
(deg. C) of hot temperatu (Trm) 
arm re (deg. Q 

Traditional 1052 724 1.45 

w2 = 3.5 prn (minimised) 494 359 1.37 

w2 = 3.5 prn (arbitrarily 821 580 1.42 

selected LI and L2) 
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Fig. 3-26. Temperature distribution of the traditional and modified thermal actuator. 
Traditional: L, = 240 pm, w, =2 pm. Modified: L, = 46 pm, L2 = 156 jum, w2 = 3.5 pm 
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Table 2. Theoretical results of traditional and novel actuator 

Peak Peak temp / 
Net average 

temperature average temp 
temperature 

(deg. Q of (Trm) 
(deg. Q 

hot arm 
Traditional 

681 461 1.48 
structure (4 rnA) 

Novel structure 
324 234 1.38 

(4 mA) 

Traditional 

structure (5 1052 724 1.45 

mA) 

Novel structure 
494 359 1.37 

(5 mA) 

From this Table, it can be seen that the peak temperature/average temperature ratio of 

novel structure is lower than that of traditional structure. The trend indicated in Table 

2 that has been calculated for the device of Fig. 3-26 is that the traditional structure 

has a higher deflection than the novel structure so long as it is operated below 

thermal failure. This observation is based on using the unconstrained expansion of 

the hot beam as an indicator for deflection. However, as the drive current increases, 

the traditional design will reach its limit because of thermal failure while the novel 

design will continue to deflect. The overall outcome expected is that the maximum 

deflection produced from the novel structure will exceed the maximum deflection 

from the traditional structure. 
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3.5.2 Nit-chanical knalýsi% 

\ 

II VI 
\1 

_____ 
V 

______ 

\Il 
___ 

____ 

Iý ---------------- I; 

Flo. 31-27. Model for 111ccliallical analysis. 

Fol lowill'-, tile approach of' I-CICI-clicc 189 1. the 110\ cl asyllillictric thermal actuator Ila" 

t-i\c components. \\hich are /,,,. Lý,, L4. and Li. /-,,, L.,. and I-, are hot beams, \\IiicIl 

Ila\ c different \\ idths. Lj is' tile cold beam. and L, Is tile flemirc bcaill. Let tile jolilt 

beam bcmeell the hot and Cold he r. The ratio of tile tlc\lll-c lefluth to hot bealil 

Icliu, th I'S ý1. So 

L 

++ 

., vs-suming the ratio of' tile III-st section IcllL! tIl of' the hot 11calil to tile \\1101C hot bcaln 

isb'"O 

1) 
- 0.40) 

L, + 

and tile ratio ofthe second length ofthe ]lot beam to tile Full hot beam is c. so 

L, 
C -- L, + L, + 

(3.41 

So the eqUations tor L4 and L. arc 
L4= (I - a)(L 

I+L+L,, 
) Lý; z-- a(L, +L+L,, ) (3.42) 
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The x axis is defined by unfolding the actuator and defining each beam separately: 
O<x]<L, +L2+L3, O<x2<L4, O<x3<L5- The energy method can be used to obtain the 
deflection. 

From mechanical theory, the reaction in the anchor can be divided to three parts: 

vertical force reaction W, horizontal force reaction H, and rotation reaction moment 
Mo. Assuming an external force F is applied to the tip. The moments in the hot and 
flexure components can be written by 

MW 
h X+MO (3.43) 

mf =-W(L, +L2 +L3 -L4 -x)+ Mo +Hr-F(L, +x) (3.44) 

The Castigliano's theorem shows that the derivative of the strain energy with respect 
to the load is equal to the deflection corresponding to the load. The strain energy 

stored in a beam in terms of the applied moments M is 

m2 

UfA (3.45) 

here, M is the moment, E is the Young's Modulus, I is the moment of inertia. 

According to Castigliano's theorem, the deflection of the beam can be expressed 

a M, 
ap, 

f j, P, 
(3.46) 

In the thermal actuator system, three orientations of the deflection have been 

considered, which are horizontal, vertical and rotation. Since there is no horizontal or 

vertical deflection or rotation in at the hot beam anchor, three equations can be 

written as: 
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H +L2 H dx + dx + 
AIE 

t 
A2E 

A2 +L3 CLL2 Yý+ 
AIE 

aAT(LI + L2 +L3) 

........................................................... 
(3.47) 

M22 
h dx+ 

t+L' Mh 

dx + t++ L+ L3 

2EII 2EI2 2EI3 

aw 
M2 

f dx 
2EI5 

aw 

H dx + 

a(r 
I5E 

dx) 

AIE öH 

........................ (3.48) 

M222 
h, 

Mh +4+L3 Mh 

dx a t+4 
2EI2 

dx a t+ý4 
2EI3 

dx at 
2EI5 

dx 

-1 _=O amo amo amo amo 
..................................... 

(3.49) 

E is the Young's modulus for polysilicon (169 GPa); Ai and Ii are cross-section areas 

and moments of inertias, respectively. Equation (3.47) calculates the horizontal 

deflection contributions. Equation (3.48) calculates the vertical deflection 

contributions. Equation (3.49) calculates the rotation contributions. 

These three equations are solved to get the W, H, and Mo. These values are 

substituted into Eq. (3.44) to obtain Mf. The deflection dy is 
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p Mf (aMf / aF) 
d dy = I5E x (3.50) 

In the Section 3.5.1, the optimized dimensions of the hot beam has been investigated. 

The optimal lengths of LI, L2, and L3 are 46 um, 114 um, and 40 um respectively. 

Assume the full hot beam length is L. So the ratios b and c are designed to be 0.23 

and 0.57. Therefore, L, = 0.23 L, L2 = 0.57 L, L3 = (1-0.23-0.57) and L=0.2 L. Also 

according the optimization of section 3.5.1,1, = 13 = Is. 

Fig. 3-28. shows the theoretical result of deflections of both novel and traditional 

asymmetric thermal actuators. 
Note: When peak temperature exceeds around 525 deg. C (around half annealing 

temperature of polysillicon), the plastic deformation occurs, so the deflection of the 

actuator becomes very complicated; and we cannot apply this method to calculate the 

deflection. Here, it is assumed that both novel and traditional thermal actuators stop 
bending at this condition. In fact, experimental results show that this assumption is 

correct (shown in Section 3.5.3). 

Note: In the field of MEMS, the larger deflection of actuator is required. This 

modification to the traditional thermal actuator is in terms of obtaining maximum 

deflection, not in terms of sensitivity (ie deflection/power). 

14 

12 

-f 10 

C 

t 

2 

0 

-L, f- - -rr)P A- 

C 
peak tem p- 526 deg. 

novel thermal actuator 

-LI tracritional thermal actuator 

0 10 20 30 40 50 60 
input power (m" 

Fig. 3-28. Theoretical result of deflection related to the input power. 
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3.5.3 F. xperimemal remills 

I he de\ ices allalý /Cd ahm c 11; 1\ c I)CCII de'lgric(l. and I'aht-Icalcd the 

llolý\IIINII's fouvidrý process (PolýINIIAII's Run 52Y loilms are A= ill 

Appendi\ 1). Iloth hot and Cold hearn" are defincd ill Adv/ layer. the traditional 

thermal actuator and 11ONCI thermal actuator \\crc designed for dic puiposc of 

comparison. as sho\\n in Fig. 3-21) (a) and 3-29 (b). 

(a). MICI-olillotograph oftraditional mo-beam asvilillictric thermal actuator. 

Microscale 

Pointer 

%loditled hot beam 

##a6#4t 

Z7,29 (b). %licrophotograpli ot'noxel design ofasynimetric thermal actuator. 3-- 
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D(* cill-f-clit" . rom 0 in., \ to 5.5 rnA We been apoicd it) both structurcs scparatcly. 

Micro scale,, \\ith 5 pin gradlialions and a pointer at tile cild ot, tile klc\icc" are uscd 

it) measure tile dcllcctions. At Io\\ current ill) to 4 mA, tile traditional (Icsigil does 

illklecki produce a 'greater dcI1cctioll than the IIC\N kIcsiL! n. I w, and 

sho\\ the photographs ol'thc de0coed acumlors at 5 ink IAg KAM is the inothOed 

siructurc. Fig 3-30(h) is the traditional smucturc. Notc tile thermal induced distortion 

ofthc hot '11-111 ill Fig 3-30(h) \\Ilich has reached illamilluill deflection. 

Polliter po', itioll bcl"olc 
-000. 

wltauc applicd 

IL 

Fig. 3-30(a). %ficrophotograph showing bending oftlic ilo\cl structurc. 
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Pointer po"ll 1,111 
11C I, I! C 

%ollau, c applicd 

Lý: 

Fig. 33-30(b). Nficrophotograph silo%% ing ticilding, ofthc traditional structure. 
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Fig. 3-31. Comparison of deflections of modified and ordinary thermal actuator 
under same currents. 

From the experimental testing, we have obtained a comparison between novel and 
traditional thermal actuators. The result is shown in Fig 3-3 1. More testing results are 

shown in Appendix E. 

In view of the different geometries, the electrical resistances of the hot arms of the 

two actuators are different. Also the resistances of both actuators will be changed 
while increasing the temperature. Experiments were conducted for the purpose of 

obtaining the relationship between deflection and input power by measuring the 

current and voltage in the circuit. Fig 3-32 shows the relationship between the 

deflection and input power of both structures. The error bars shown in Figures 3-31 

and 3-32 depend on the image magnification and detector resolution which determine 

how accurately the spring displacement is measured. Displacements measured using 

our imaging equipment (microscope-coupled camera) have an uncertainty of ±0-3 

pm. Error bars of this magnitude are shown in Figures 3-31 and 3-32. In Fig. 3-33, 

the comparison between experiment and theory has been made, the experimental 

result shown in the graph is close to the theoretical calculation. 
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From the result, we can see that when higher power is applied to the traditional 

structure, the deflection reaches saturation. 

16 
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8 

6 

4 

2 

0 

-2 

-*. -Modified Structure 

-a-Traditional structure 

10 20 30 40 

Input power (mW) 

T 

50 60 

Fig. 3-32. The relationship between input power and deflection of both structures. 
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Fig. 3-33, Comparison between experiment and theory. 
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3.6 Conclusion 

In this chapter, three types of electro-thermal actuators have been theoretically 

analyzed for both thermal and mechanical behaviour. Heat transfer analysis was 

performed using simple conduction theory. 

An innovative design of the asymmetric thermal microactuator with a non-uniform 
hot beam has been presented. The design yields higher deflection of the actuator. 
Both theoretical analysis and experimental testing have been undertaken to verify the 

idea. The results show that the novel structure has a "better" temperature profile than 

the traditional one in terms of immunity to the thermal damage. In practice the novel 

structure has been shown to deflect more at high power without being damaged. The 

comparison of theoretical and experimental results is shown in Fig. 3-33. The 

theoretical results are valid until the calculated peak temperature reaches 526 deg. C 

in both novel and traditional structures. In the effective range, the theoretical 

deflections are always higher than the experimental deflections, that is because the 

assumption of pure conduction (conduction through polysilicon and conduction 

through air gap) was taken, the calculated temperatures are higher than the 

experimental temperatures. 
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Chapter 4 

Study of Scratch Drive Actuator 

4.1 Introduction 

The SDA is an important element for many types of silicon-based micro-electro- 

mechanical systems (MEMS). Many other microactuators have been proposed and 

studied in order to realize moveable structures. Those that are commonly used in 

silicon MEMS technology are: comb drive actuators [30], operated by the 

electrostatic force between a pair of interdigitated moveable and fixed combs; linear 

microvibromotors [92], which uses impact actuation to obtain large motion from 

small-displacement resonant structures such as comb drive actuators; stepper motors 
[93], which can achieve large force and large displacement; micro-engines [94], 

fabricated by Sandia National Laboratory, operated by orthogonal pistons connected 

to a crank shaft, in a similar way to an internal combustion engine; and electro- 

thermal actuators [36] that provide a large force, but a very small deflection. The 

SDA possesses several features that makes it well-suited to creating motion in 

MEMS and particularly micro-opto-electro-mechanical systems (MOEMS): it 

produces linear motion directly (c. f. comb-drives and microvibromotors), has a 

potentially large range of travel (over several hundred microns) with relatively high 

force and with very fine control of position and step size (of order 10 nm, which is 

important for optical applications) [19], and can operate over a wide range of speeds. 

It has been used, for example in driving optical devices [95], and 3-D self-assembling 

[96]. 

The SDA described here is fabricated by surface micromachining, a process in which 

structural layers and sacrificial layers are sequentially deposited and etched on a 

silicon substrate. During the different fabrication runs it is possible that the 

deposition and etching might vary slightly from wafer to wafer. Consequently, it is 

important to compare the properties of devices, which are made to a common design 
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but fabricated on different wafers or different parts of the same wafer. Such a 
comparison is one of the purposes of this chapter. Linear SDA test structures have 
been designed for our experimental study because many SDA applications, e. g. 

micro-positioning or micro-assembly, are based on a linear configuration. The SDAs 

for this study were fabricated by PolyMUMPs [90]. Two- and three-stage linear 

SDAs were fabricated and tested using a high-speed camera. Measurements have 

been conducted to obtain the velocity and step size for different SDAs under a range 

of driving voltages and frequencies. Long linear motion SDAs have also been 

fabricated and tested to investigate their characteristics during travel. 

The MEMS designer requires models of the SDA in order to incorporate these 

devices into their microsystern applications. A further objective of this chapter is to 

develop models for the SDA in its working state, building upon previous work 

reported in the literature. A suspended SDA plate actuated by electrostatic force is 

analyzed. A mathematical model is established based on electrostatic coupled 

mechanical theory. Two SDA modes have been analysed namely the "non-contact" 

mode and the "contact" mode. The non-contact mode allows the designer to establish 

the threshold voltage after which the actuator plate snaps down. For the contact 

mode, the relationship between applied voltage and contact distance is first obtained. 
Subsequently, the geometrical model of a bending plate is established to determine 

the relationship between contact distance and step size. These two results can then be 

combined to obtain the value of actuator step size versus applied voltage. Finally, 

coupled-field electro-mechanical simulation has been performed using the 

commercially available software tool - IntelliSuite. The dimensions of the scratch 
drive actuator used for the analysis match the dimensions of the experimental SDAs 

that have been fabricated by PolYMUMPs. All the SDA material properties are 

obtained from data provided by the manufacturers of our actuators. On the 

experimental front, a Veeco NT1000 surface profiling tool has been used to measure 

the bending of the SDA plate. The results obtained from modeling, simulation and 

experimentation are compared. 
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Different dC\icC., 11mc different actuation requirement and tile lolrce, ý that they need 

to Opcratc arc aist) different. I he calculation tif a lilicrilactualm. ", fm-cc i,, 111ci-cf, 61-C 

\cry inipm-tant. Certain micr(). ictuatm-, use nuct-wprinp iti pull them back to the 

m-iginal positimi by tile rcsttlraliml 1, ()I. cc ()f tile spring, because 111cst: acttlal(lr, ý arc 

sinudc direction actlialor". An Cvllllp1C (it' this is tile scratch dri\C acillaim. 1191. 

Nlicrt)springs can he toed to nwastme the Ance of hy innounng the 

doI)IaCClllCllt Of tile Sill-ing, I)l_(1\ iding tile Spring constant i,, Kilo\\ 11, *1 11cf-C1,61-C, it is 

important to dC\c10p tile 111OLICI 1,01- such a spring. Ill lei-ills Of lll()klclillg ()f these 

springs the spring constant call bc controlled by a(tiloting the dillicilsimo and 

geometry of the splAng, Hew. 1"m 1\, pes tif spi-ings ha\c been imestigatcd, naillely 

the /ig-iag spring and the box spring. Sc%cral '/* , hape micronicchanical bcanis 

connected to each other forin tile piallar lig-lag. Bo\ springs ha\C NC\cl-aI planar 

1-cctanutilar franics Joined by small bars. These mti types of' sprinp arc analý/cd 

a,.. 'suilling the spring has been fabricated by .1 polysilicon mll-facc Illicroillachilling 

process. A]I the material properties of tile polysilicon used in this analysis appb- to 

tile POIýMIAIPN proccý,,, 1901. 

4.2 Principle of'operation 

1,11C ý, DA con,, INIý Of 1hFCC platc. ý111kl "uhti'ac CIcctiodc. 1,, "11()\\n 

conceptually in Fig. 4-1. I'lic principle of operation has pre\ lously been described 

elsc\\Ilerc [97]. When a is applicki across the capacitor-like structure formed 

bý tile plate and substrate. the plate experiences an electrostatic force that puHs it 

do\\n towards tile substrate. 'I'lic \\arpmg of the plate causes the bushing, to tilt. 

thercby sliding I'omards the edge in contact with the substrate. When tile voltage is 

removed. the plate and bushing return to ilicir horizontal position, but translated 

t*()i-\\ ard a small distance. B\ drk ing, tile dc\ ice \\ ith a periodic \ oltauc tile SDA can 

Plate 

- --1111,01illp 

" li 1, ý II alc 

4-1: Schematic Of sillu, Ic-platc SDA. 
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1(1\llllcc acl-w", the Sub., 11-111C at a \clok 
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('11ps 0101ý2) - 10, 

Scale lilies 
-Rall (Polý 0) 

IIIC(111 Nitridc 

Fig. 4-2: i-D SDA modcl gcncratcd from laýotit. 

4.3 Desigm and Fabrication 
?I 

,,, ]I(Icf- (Pok. I) 

The 's-1) model ofour SDA desi-glil Is SlIoN\ ii In FT,. 4--' In addition to the three parts 

oftlic SDA sho\\ii in Fig. 4-1. there is a rail and a slider cither side oftlic SDA that 

guides the do ice. and also pro\ ide all electrical collilectioll to tile plaics. and cl Ips 
loosclý restrain tile do icc oil tile surface ofthe substrate. 

The SDAs were fabricated using tile three polysilicon la\cr sLirl', ice-iiiici-oiiiiciiiiiiiig, 

technology (PolyMUNIPs) offered by tile t'()Liildi-\ MI-AllsCAP. hic. [901 The 

flibrication process ofthe SDA Lis"', -' WAlls is mimmarucd as tollow, First. a 0-5 

pm-thick polýslhcon laýcr (PoIyO) is deposited oil a sillcon 111tride-comcd silicoll 

a 
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111"tratc. I Ills laýcr, hflý(). l" 11"cd 1,01- ciccirical conlicclioll (rall). Fir -4-,, (a) 

sll()\\., the PolO klý mg. 

Po I% () 

1: 1g. 4--"( 11 ). IIýoIIIoItIIc Po Iýf)1,1ý cI 

.\ Iter the depsitioii of' a sacrificial phosphosil icate glass (()1). the lirt structural 

polýslllcoil layer Wolý I)1,, deposited. The sliders of' the 'sDA arc dclitied in Ilic 
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Io 

Poly I 

Fig. 4-3(b). Laý out ofthe Polý () - Polý I laý cr. 
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4.4 Motion analysis through short and long travel; 

4.4.1. Motion analysis of short-travel SDAs 

A high-speed micro-imaging systern, comprising a Model 4540MX Roper Scientific 

camera coupled to a Zeiss Axioplan 2 microscope has been used for motion analysis. 

In its full-frarrie mode, as used for the investigations reported here, the carnera can 

store more than 8,000 images in its internal memory, along with timing iril'ormation 

for each frame. The sequence of images may be reviewed forwards and backwards at 

various speeds and paused, in a similar manner to a video recorder. An initial 

impression of features of the motion can be gained before the images are transferred 

to a computer for analysis in a software package, such as Adobe PhotoShop, to 

obtain measurements of displacement of the SDA. The displacement and time 

information is then applied to determine the velocity ofthe SDA. 

Short-traýcl actuators with two mechanically and electrically connected SDAs (2- 

staue SDAs) were fabricated in the PolyMUMPs-40 batch. The layout as submitted 

to the foundry is shown ill Fig. 4-4 and a photon-licrograph ofthe device is shown ill 

Fia. 4-5. The maximum possible travel length is 60 pm, as indicated in Fig. 4-5. tý 

Fig. 4-4: Layout of'short-travel SDA. 
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Fig. 4-5: Microphotograph of short-travel SDA. 
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Fi,,. 4-6: Maximum velocity oI'SDA under various driving conditions. Cý 

Chapter 4 71 



The maximum velocity of the SDAs, driven by a rectangular voltage waveform, of 
50% duty cycle wave, was investigated as a function of voltage and frequency. The 

maximum available range of voltages was investigated, from the lowest at which 

motion of the SDA was detected (60 V) up to the maximum output of the high 

voltage source (290 V). The results from 8 devices are summarized in Fig. 4-6. 

As might be expected, the higher the driving frequency the greater the velocity, since 

more steps are taken per unit time. The results also show that the greater the voltage, 
the greater the velocity of the SDA. The maximum velocity for a drive voltage of 
290 V was 250 pm/s (corresponding to a step size of 25 nm/step) and for 60 V, 70 

tim/s (corresponding to a step size of 7 nm/step). A higher driving voltage leads to 

greater flexing of the plate, pushing the comer of bush further forward resulting in a 

greater step size. This has directly been observed by placing an SDA for analysis 

under a Veeco NTIOOO surface profiling tool. This will be discussed later in this 

chapter. 

4.4.2. Motion analysis of long-travel SDAs 

In Section 4.4.1 the maximum velocity of SDA actuators of travel 60 gm was 

reported. It is feasible that longer travels of microactuator will be required in certain 

MEMS. Factors such as the non-uniformity of surface properties and sub-micron 

surface irregularities could influence the uniformity of speed and step size over long 

distances. To investigate this, 2- and 3-stage SDAs with long travel capability (-I 

mm) were fabricated in MEMSCAP PolyMUMPs. The layout of a device, as 

submitted to the foundry, is shown in Fig. 4-7 and a photornicrograph of the device is 

shown in Fig. 4-8. In order to make the task of measuring the progress of the SDA 

easier, a scale, patterned in PolyO and calibrated in microns, was incorporated in the 

design alongside the rails. 
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Fig. 4-7: Layout oflong-travel SDA. 

SDA array Slider Rail 

law 

Fig. 4-8: Microphotograph of long-travel SDA. 

Chapter 4 

1. I 

73 



All the long-travel devices were driven by a voltage waveform as previously 
described of magnitude 120 V at a frequency of 500 Hz. Images of the actuators 

were captured at a rate of 125 frames per second for analysis. The "instantaneous" 

velocity of the device at a given instant after switching on the drive voltage was 
determined by measuring the displacement that took place 20 frames before and 20 

frames after the time under consideration, representing a time interval of 0.32 sec. 
There is a trade-off in the accuracy of determining the velocity: a more accurate 
figure can be calculated if the displacement is measured over a longer time interval 

but then information about short-term variations in velocity is lost. 

4.4.2.1 Comparison of 2- and 3-stage devices on the same die 

Single examples of a 2-stage and a 3-stage SDA located on the same chip were tested 

in the manner described above. (The 3-stage device should operate with the same 

velocity as the 2-stage but provide a greater motive force. ) The velocity measured at 

approximately 1.5 sec. intervals is shown in Fig. 4-9 and Fig. 4-10. Initial 

measurements on both devices show similar trends in velocity and similar values of 

velocity. In these, and subsequent graphs, "average velocity" is the ratio of the total 

distance travelled to the total time taken. 

It was observed that a reduction of initial speed from 37 to 22 [tm/s occurred after 

about 4 seconds for both devices. This corresponds to the distance the tip of the 

slider travels before encountering the end of the rail on which it is traveling. The 

distance traveled by the slider tip before encountering the end of the rail is slightly 
different in Fig. 4-9 and Fig. 4- 10 because the starting position of the sliders were not 

the same. (The devices had moved to slightly different starting positions in transit. ) 
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Fig. 4-9: Velocity of slider as a function of time for a 2-stage 
SDA. 
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Fig. 4-10: Velocity of slider as a function of time for a 3-stage SDA. 2- 
stage SDA in Fig. 4-9 and 3 -stage SDA in Fig. 4-10 are in same die. 

In SDAs, the "engine" is connected to the "sliders" by torsion bars. There are two 

regimes of motion experienced by the sliders, and this is differentiated by the surface 

over which the tip of the slider is traveling. In the higher velocity regime shown in 

Fig. 4-9 and Fig. 4-10, the full length of the slider moves on a polysilicon surface 

(PolyO rail). Detailed surface profiling of the tip of the rail using the Veeco NTIOOO 

tool shows that on application of voltage to the SDA, the tip bends upwards, away 

from the similarly charged rail. This is obvious from Fig. 4-11 which show the 

height of the slider tip above the reference nitride surface before and after voltage 

application. After applying voltage, the SDA plate is attracted down to the substrate, 

therefore the torsion of the connector introduces the sliders tip bending up. The tip 
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presents a lower resistance and the overall velocity is therefore "high". Fig. 4-11 (b) 

and Fiu,. 4-11 (d) show meaSUrements of the tip. 

In the low velocity regime, the polysilicon slider tip is traveling along tile 111tride 

surface having slid off the end of the rail. The tip is oppositely charged to the silicon 

substrate producing a high attractive force between the two. This is shown in the 

slider tip 

Fig. 4-11 (a) 

4 -H (b) 

Fip, 4-11 (c) 

A 

im 
so Im Ilp ýy N 300 

Fig. 4-11 (d) 

Fig. 4-11: Slider on rail. Surface profile (a) and cross-section along AA'(b) for 
Unpowcred device; surface profile (c) and cross-section (d) for device with 140 V 

applied. 

Chapter 4 76 



surface profiles of Fig. 4-12 which show the tip overhanging the end ofthc slider. In 

Fig. 4-12 (a) and Fig. 4-12 (b) the voltage is 0 and in Fig. 4-12 (c) and Fig. 4-12 (d) 

the voltage is 140 V. The tip is clearly seen to bend towards the substrate thereby 

making contact with the nitride surface. The result of this is an increase in resistance 

due to friction. and a decrease in velocity. 

Fia. 4-12 (a) 

x, 
7 

50 AI xi Ill NA 

Fig. 4-12 (b) 

Lin 

Fig. 4-12 (c) 

m 

5u 1 LIO 150 200 29 

Fig. 4-12 (d) 

Fiu. 4-12: SIi der beyond end of rai I. Surface profi Ie (a) and cross-secti oil aI oil gA A' (b) 
for unpowered device; surface profile (c) and cross-section (d) for device Nvith 140 V 

applied. 
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4.4.2.2 Comparison of 2-stage devices from different dies. 

The instantaneous velocity of 4 different 2-stage SDAs, each from a different die 

fabricated in the same PolyMUMPs batch was measured as described in section 

4.2.2.1 and the results are shown in Figs. 4-13 - 4-16. The first data point in each 

graph represents the velocity at time -0.125 sec (i. e. after only -60 pulses supplied to 

the SDA) when the velocity is already close to the peak value, showing that the 

devices exhibit high acceleration. The velocity tends to decrease after the first few 

seconds of travel, in a similar way to the devices studied in Sec. 4.2.2.1 for the same 

reason, since the lengths of rail and slider are identical for all the SDAs. The values 

of velocity, and the trends of velocity in later sections of the travel, though, show 

considerable variation for each device individually and when compared to each other. 

The operational principle of the SDAs means that it is sensitive to the nature of the 

surface over which it advances, as has already been seen. Further differences in 

surface properties such as contamination of the surface from dust particles or 

remnants of processing are among the several factors that could lead to the 

differences in performance of the SDAs shown in the figures. 
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Fig. 4-13: Velocity as a function of time for a 2-stage SDA (die 1). 
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Fig. 4-14: Velocity as a function of time for a 2-stage SDA 
(die 2). 
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Fig. 4-15: Velocity as a function of time for a 2-stage SDA (die 3). 
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Fig. 4-16: Velocity as a function of time for a 2-stage SDA (die 4). 

4.5 Analysis of the plate bending; 

The physical behaviour of the SDA plate as the applied voltage increases is as 

follows: in response to the application of the voltage signal, the SDA plate is initially 

attracted down towards the substrate. When the voltage exceeds the threshold voltage 

(defined later in this chapter), the tip of the SDA plate will make contact with the 

substrate. When a higher voltage is applied, the plate will be flattened starting from 

the free end due to the large electrostatic force. The flattening increases as more 

voltage is applied, resulting in a longer "contact length" from the tip end. The contact 

length depends on the voltage, and will also determine the step size according to the 

geometrical model of the actuator. Therefore, there are two modes occurring during 

its motion - one is the non-contact mode when the actuator plate has not yet 

contacted the substrate, while the second is the contact mode. These modes are 

generated in sequence during every step of the actuator; furthermore the contact 

mode will determine the step size. The applied voltage affects the velocity of the 
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SDA when the driving frequency is fixed. The SDA is driven by a square wave 

signal in our work. (It can be also driven by a sine wave). 

4.5.1 Mathematical model of SDA 

The SDA consists of three parts: suspended plate, bush, and substrate electrode. The 

principle of operation has been described in section 4.2. 

4.5.1.1 Mode 1- non contact mode 

Fig. 4-17 shows a profile of a simplified scratch drive actuator. In Fig. 4-17(a), no 

voltage is applied to the suspended plate, and it is flat with a constant separation from 

the bottom surface. 

Fig. 4-17 (a) 

C, d 

V(t) 
. ................................................................................................................. ............ Fig. 4-17 (b) 

LT 

Fig. 4-17: Profile of non-contact mode of the SDA. 

x 
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From this figure, it is clear that the structure forms a parallel-plate capacitor. When a 

voltage is applied, charge will be stored in this capacitor and generates an 

electrostatic force. Because one end of the top plate is fixed, the electrostatic force 

will pull the free end down towards the substrate, as shown in Fig. 4-17(b). 

The force on the plates of a parallel plate capacitor is given by: 

c.. d V2 
C-f x2 
2d 

where e is the permittivity of the free space, A is the area of the plate, V is the 

applied voltage, d is the initial gap between the two plates. In the case of the SDA 

only one end of the upper plate is fixed, so single fixed end beam theory is applied 

for the analysis. 

The deflection of the plate due to an applied force is a function of the dimensions and 

material properties of the plate. Assuming that the Young's modulus is E and the 

moment of inertia is I and the plate length is L, the deflection 8T of the tip of the plate 

is given by [98]: 

JT =x2 
](3L 

- x)F(x) 
[ 

6EI 
(4.2) 

where F (x) is the electrostatic force at distance x along the plate which can be 

expressed by [99]: 

F(x) = 
bkc (- 

v )'dx 
2d- 45(x) 
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In formula (4.3), 5(x) is the deflection at the point x, k is the effective dielectric 

constant of the air layer and nitride layer below the SDA plate. The square law 

curvature can be used to determine the relationship between the deflection of the tip 

8T and any point of the plate [99]. 

J(x) = (X), ö, (4.4) 

in the case analysed here, the forces are distributed, so the deflection of the tip is 

derived by integrating the formula (4.2) from x=O to x=L yielding: 

L 

8T X2 F(x)dx 
06 

(4.5) 

Substituting formula (4.3) in formula (4.5) defines the function of deflection at the tip 

of the plate. 

bL 3L -x2 ke 
Tf 6 EI 2 

v 

("C)2t5 
T L 

(4.6) 

Letting A= 
L' 

, integrating and solving for the voltage as a function of deflection of d 

the tip, gives: 

12 EId 'A' A3 Nf 
Y 

b , L4 

[I+A 

2 
tanh (VA) -1 In(I - A)]- 

k2 

................................................... 
(4.7) 

In the design of our devices, the SDA plate length L is 75 ýtm, the plate width b is 65 

pm, and the thickness of the plate is 1.5 [tm. The initial gap d between the plate and 
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substrate consists of two parts: first is the thickness of the air gap di (=1.5 gm), and 

the second is the thickness of the silicon nitride d2, which is 0.6 gm, hence d=d, + 

d2 is 2.1 gm. All the layer thicknesses are determined by the MUMPs fabrication 

process. The material properties of polysilicon are also supplied from the commercial 

foundry. The dielectric constant of air kair is 1, and the dielectric constant of nitride 

knitride is 5.7. Dielectric constant of 0.6 gra nitride layer can be taken the value of the 

dielectric constant of 0.1 pm. air layer. So here d=1.5 grn +0.1 gm = 1.6 gm. E is the 

Young's Modulus of polysilicon, which is 1.69x 1011 N/M2 . The permittivity of air c 

is 8.85xl 0-12 F/m. I is the moment of inertia of the plate, which is IW=1.828x 
10-23 

12 

rn 4. The plot of Equation 4.7 for the parameters above is shown in Fig. 4-18. 

10,8 Defle ctio n of t he p lat et ip vs, a pp li ed volta ge 
A F- 1.0 

1.4 

1.3 

1.2 
1.1 

-0.9 E 
0.8 

2 a) 0.7 

0.5 

0.4 

0.3 
0.2 
0.1 

---------------- ----------r 

-------------- --- --- --- ---- 

IL 
L 

I 

-- --------I-----------I-----I-----------I-----I-------------------- 

---- -- ----- 

---- --- ----I 
L---- 

---- --- ---- 

...... 
L 

----------- ---- --- ---- 

--- -- ---------- 
-- ----I------------ I 

o 0 10 15 20 25 30 35 40 45 50 55 60 65 70 
Applied voltage M 

Fig. 4-18: Deflection of SDA plate tip vs. applied voltage for non-contact 
mode. 
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Fig. 4-18 shows a hysteretic behavior of the plate since equation 4.7 has two 

solutions over a certain range of voltage. As the applied voltage is increased from a 
low value, the tip deflection monotonically increases until a value of around 63 V, 

which is the threshold voltage for stability. Beyond this threshold voltage, the 

electrostatic forces become increasingly concentrated on the free end of the plate 

rather than being distributed along the length of the plate, given rise to the second 

solution of the equation 4.7. In the physical domain, the plate becomes unstable 
beyond the threshold voltage and undergoes spontaneous deflection over the 

remaining distance to the substrate [ 10 1] 

4.5.1.2. Mode 2- contact mode 

t2 

Fig. 4-19: Geometry of contact mode of the SDA plate 
when higher than threshold voltage is applied. 

When the voltage exceeds the threshold value, the plate of the SDA will snap down, 

and the free end of the plate will make contact against the substrate. The geometry of 

the plate will thus be changed, as Fig. 4-19 shows. In Fig. 4-19, tj is the thickness of 

air gap, t2 is the thickness of the silicon nitride, which are 1.5 gm and 0.6 [tra. L" is 

the contact length of the SDA plate. L' is the non-contact length of SDA plate. 

A previous paper has investigated the contact mode of the SDA plate [100]. In the 

work, the relationship between applied voltage and contact length is calculated by the 

calculation step used in reference [100]. 
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Based on the geometry of the contact mode the slope at the bushing at the point of 

contact, ti/L (here, L is the length of the beam), can be substituted into a standard 
formula for simply supported beams. 

t' 
=1f F(x)(L -x) [r - (L _X)2]dX 

9 (4.8) 
L 6LEI 

The electrostatic force for the contact mode is expressed as 

-2 

F(x) = 
CIC ' 
2 t2 + (X)2tl (4.9) 

L 

substituting equation (4.9) into equation (4.8), integrating and solving equation (4.8), 

we can obtain equation (4.10), which determines the relationship between voltage 

and non-contact length L'. 

v 
24 t 

12 EI 2+I 
In 

tl + t2 3 
tan 

t 
14 t t cic ILbt21 

t2 
"If I 

-t2 
Ift It2 

................................................. 
(4.10) 

From equation (4.10), we can obtain L" as a function of voltage: 

LL22+1 In 
( t' + t2 3 

tan -1 
tj 

- 
.%t eklb t2 ti t2 

Ift It2 
flt2 

................................................. 
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From equation (4.11), we can obtain the contact length of SDA plate as a series of 

voltages are applied. The result is shown in Fig. 4-20. Here, the effective dielectric k, 

for the nitride and air layers is different from k used in equation (4.7), because the 

geometry of the plate has been changed. The value of k, is larger than k. A value of 
2.7 is estimated, also following reference [100]. 

X10 Stuck down length vs. Applied voltage 
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Fig. 4-20: The relationship between stuck down length and applied voltage. 

4.5.1.3. Geometrical model of SDA in contact mode 

In order to obtain the relationship between the SDA step size and the applied voltage, 

an analytical geometrical model has been built [102]. It is assumed that the angle 
between the bushing and plate remains constant as 90 degrees during the SDA 
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motion, as illustrated in Fig. 4-21. In Fig. 4-21, h is the bushing height, t is the 

thickness of the SDA plate, I is the contact length between SDA plate and substrate, 
11 is the rest of the plate that is non-contact, and L is the whole plate length. The 

calculation of the step size related to the contact length can be done with the 

y 

following equations [102]: 

hcosO 

tan 03y [98] 
21, 

1)2 = 112 + X2 

E 0.4 
-2ý 0.3 
CL 
B 0.2 
U) 0.1 

0 

SDA step size vs. Contact length 

h=0.75 jun -h=1.5 Itm 

(4.12) 

(4.13) 

(4.14) 

20 40 60 80 
Contact Icngth (gm) 

0 

Fig. 4-22: Calculated result of the SDA step size versus 
distortion displacement. 
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The total lateral length of the SDA plate Lt =I+ 11 +h *sinO, so the step distance ALt 

can be calculated using equations (4.12 - 4.14) above. The step size ALt was 

calculated for an SDA plate of our design, measuring 75 pm in length and the results 

are shown in Fig. 4-22. 

stepsize vs applied voltage 
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Fig. 4-23: The relationship between SDA step size and applied voltage. 

From section 4.3.1.2 and 4.3.1.3, we can deduce the relationship between SDA step 

size and applied voltage. The plot is shown in Fig. 4-23. The SDAs have been 

fabricated by the PolyMUMPs process. Through laboratory testing of these SDA 

devices, our measurements have yielded typical step sizes varying from 7 nm at a 

driving voltage of 60 V to 23 nm at 290 V. These are very close to the results shown 

in Fig. 4-23. The discrepancy between the measured and theoretical results is put 

down to the fact that our analysis ignores surface friction effects between the bushing 

of the SDA and the substrate surface. Slippage can occur as the SDA crawls along 
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the surface, and it is beyond the scope of this thesis to deduce the effect of surface 
friction and slippage on the microactuator. 

4.5.2. Simulation of SDA using IntelliSuite 

IntelliSuite enables modeling of SDAs by coupled-filed analysis [103]. In our SDA, 

the plate length is 75 pm, and width is 65 gm. The thickness of the plate is 1.5 [tm, 

and air gap is 2 gm. The plate is made in the second polysilicon layer (POLY2) of the 

PolyMUMPs fabrication process . The bushing depth is 1.5 ýtm. To analyse the 

model, a series of voltages is applied between the plate and substrate. The simulation 

results output from IntelliSuite are attached in the Appendix B of this thesis. In these 

figures, the shapes of the SDA plates bended by electrostatic voltages are shown in 

colormap. Fig. 4-24 shows the profile of an SDA plate that has been bent down by 

the application of different voltages. The data of Fig. 4-24 is obtained from 

IntelliSuite simulation. Table 4-1 shows the comparison between the IntelliSuite 

simulation and our theoretical result. It is clear that there is good agreement between 

the two approaches. 
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Fig. 4-24: SDA plate deformed by different electrostatic forces. 
Result from IntelfiSuite simulation. 
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Applied voltage (V) 
Contact lem"th (pm) 

Simulation result Theoretical calculation 

60 3.5 2.8 

100 21.2 19.1 

140 28.8 27.9 

200 33 4.1 33 33.3 

Table 4-1: Results from FEM and theoretical calculation. 

4.6 Experimental results of SDA plate bending 

In addition to the theoretical analysis and simulation, we have condUcted experiments 

on the SDA microactUators using, a non-contact surillce prol-iling tool bascd on 

broadband optical interferometery (Vecco NTIOOO surface profiling tool). Figs. 4-25 

(a) - (d) are three-dimensional renderings showim, tile actual Ilexing of' our SDA 

plates when different DC voltages are applied. 

Fig. 4-25 (a): SDA plate imaged by optical surface profiler, 
driven by 0 V. 
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Fig. 4-25 (b): SDA plate imaged by optical surface profilcr, 
driven by 60 V. 

Fig. 4-25 (c): SDA plate imaged by optical surface protiler, 
driven by 120 V. 
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.W 

Fig. 4-25 (d): SDA plate imaged by optical surface profilcr, 
driven by 200 V. 

The equipment can also display a cross-section showing the profile ol'the bent platc, 

from vdilcli ineaAlrelnentS Of Contact length can be made. Using these data, a result 

comparing the theoretical and experimental findings is shown in Fig. 4-26. From Fig 
11 

4-26, the theoretical results are seen to be in close agreement to the experimental 

results, under the assumptions made earlier. 
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Fig. 4-26: The relationship between contact length and applied 
voltaoe. 
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4.7 Nlicrospring analysis 

The analysis of microspring is perl'ormed to calculate the spring constant using both 

formula and FFM method. From the valLIC of the spring constant, we are able to 

calculate the forcc ofthe microaCtUator by measuring its extension. 

4.7.1 'Box' spring in-plane distortion 

U7 

Fig. 4-27/ - 
The geometry of the 'box' spring. 'L' is the length ofsingIc beam, 'dt' is the 

IIIaXIIIILIm displacement of beam. T' is the force applied to the middle of the beam. 

I Ig simple formulae from inechanical We first begin to analyse the box spring Lis I -- 
i 

beani theory to obtain an approximate value. 'Flic gconictry of' tile spring is 

schernatically illustrated in Fig. 4-27. This spring contains three boxes connected 

together by two short bars. All the bars have been designed as tile sarne width. We 

call each box a cell. All tile three cells are of the same structure and we only need to 

analyse one ofthese cells. From the Figure, one cell contains 11OUr mechanical beams, 
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two short beams and two long beams. The force is applied in the y direction and we 

assume that the two short beams cannot stretch in the y direction. Selecting one of 

two long beams, centre loaded clamped beam theory can be used to calculate the 

displacement in this case. The centre displacement of the clamped-clamped beam 

under centre loading is [98]: 

dt = 
FE 

192EI 
(4.15) 

Where, 'dt' is the displacement at centre position in the y-axis, T' is the force 

applied to the centre of the beam, 'L' is the length of the beam, 'E' is the Young's 

Modulus, and T is the moment of inertia. 

So the spring constant of N 'boxes' connected together is easily obtained as 
(assuming the short bars of box have no effect on the spring constant) as follows: 

96EI 

nL 
3 (4.16) 

We assume the following: E= I 69GPa, L=50 ýtrn, n=3, polysilicon thickness is 2 pm, 

width of polysilicon is 2 ýim. Substituting 'E', T, V and n to the formula (4.16), the 

box spring constant is calculated to be 51.28 pm/pN. 

ANSYS 5.7.1 

112798 

. 225596 

. 338394 
451192 . 
56399 

= '676788 
'789586 
'902384 

1.015 

Fig. 4-28. Result from ANSYS software, the numbers in the right of the figure 

represent the nodes displacement in y direction. The unit is micron. 
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Next we build a beam model of the spring using ANSYS finite-element package 
(version 5.7.1). The model of the spring structure is described here. We consider a 

spring made from polysilicon. All the polysilicon bars have the same width and 
depth. The dimension of the spring is as follows: the length of the polysilicon box is 

50 um, the width of the polysilicon box is 2 urn and the thickness of the polysilicon 
layer is 2 um. The thickness is the same value as normally obtained from the 

PolyMUMPs process. In this model, the Young's Modulus of polysilicon is 169 GPa, 

again as obtained from the PolyMUMPs process. One end of the spring is fixed and a 
force is applied to the other end of spring at its centre. The ANSYS static analysis 

can directly calculate the displacement of the centre corresponding to an applied 

force, then the formula k=F is used to calculate the spring constant k. The spring 
x 

constant k of this spring is shown in table 4-2 where a series of forces are separately 

applied to the box spring. One of the results of the spring distortion under a force is 

shown in Fig. 4-28. From Table 4-2, we can see that the theoretical approximations 

and ANSYS results are close in value. 

TABLE 4-2. Results of 'box' spring constant k using ANSYS static analysis 

Applied force (pN) Maximum 
Displacement (pm) 

Spring constant k 
([tN/[tm) 

50 1.001 49.94 

100 2.002 49.94 

ISO 3.003 49.94 

200 4.002 49.94 

250 5.001 49.94 

In order to analyse the effect of the short bars, we change the width of the short bar 

and analyse the box springs again using ANSYS. A series of values of short bars that 

were analysed is shown in Table 4-3. One of ANSYS results is shown in Fig. 4-29. 
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TABLE 4-3. Results of different wide of bars 

Short bar width (gm) 
Maximum 

Displacement ([tm) 
(force is 50 ýN) 

Spring constant k 
(gN/ýtm) 

2 1.015 49.26 

3 0.971662 51.46 

4 0.954371 52.39 

5 0.951012 52.58 

10 0.950474 52.61 

20 0.950477 52.61 

---X 

NODAL SOLUTION 
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Fig. 4-29. One of results from ANSYS, where the short bar width is 10 gm. 

4.7.2 Izig-zag' spring in-plane distortion 
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Another spring that has been analysed is called 'zig-zag' spring. This type of spring 

contains a numbers of bars connected in a 'zig-zag' path. A beam model has been 

constructed for analysing in ANSYS software. In this model, one end of this spring is 

fixed and at the other end a series of forces are applied and a series of displacement 

results are obtained as shown in Table 4-4. The spring constant k is calculated as 
before. The force direction is along the y-axis as shown in Fig. 4-30. It is noticed that 

together with the extension in the y-direction, there is a small distortion of the 

structure in the x-direction. The unbalance of the spring appears in Fig. 4-3 1. The 

reason is the short bar between two long bars also bends when the force is applied. 

TABLE 4-4. Results of 'zig-zag' spring constant k using ANSYS static analysis 

Applied force (pN) Maximum 
Displacement (pm) 

Spring constant k 
([N/ýtm) 

50 11.489 4.3520 

100 22.978 4.3520 

150 34.467 4.3520 

200 45.956 4.3520 

250 57.445 4.3520 

The zig-zag spring has been analyzed in the same way as the box spring. Table 4-5 

shows the spring constant calculated from the ANSYS static analysis. Fig. 4-32 

shows one example of an ANSYS result. The short bar width is 20 pm. 
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Ex 1 
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Fig. 4-30. ANSYS analysis of 'zig-zag' spring, the force Fy=50/4N- 
The result shows the y-axis displacement. The numbers (Itm) on the 
left of the figure represented the displacement value. 
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ANSYS 5.7.1 
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Fig. 4-3 1. ANSYS analysis of 'zig-zag' spring, the force Fy=50AN. 
The result shows the x-axis displacement. The numbers (/im) on the 
ien of the figure renreqented the di. qn1acement value. 
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TABLE 4-5. Results of different width of bars for zig-zag spring 

Maximum 
Spring constant k 

Short bar width (um) Displacement (ýLm) 
([tN/pm) 

(force is 50 uN) 

5 um 10.504 4.76 

10 um 10.482 4.77 

20 um 10.482 4.77 

NODAL SOLUTION 
STEP-1 
SUB -1 
TIME=l 
UY (AVG) 
RSY. =. 
P- rGraphics 
EFACRT-1 
AVRES-M. t 
DKX -10.483 
sKx -10.462 

Short b, 

0 1.165 
2.329 
3.494 
4.659 
S. 823 
6.986 
0.153 
9.317 
10.482 

Fig. 4-32. One of results from ANSYS, where the short bar 
width is 20 pm. 

4.7.3 Nonlinear analysis of the box spring 

Two types of microsprings have been analysed by FEM using ANSYS. Box spring 

has been selected to measure the force of SDA. Nonlinearity has to be considered. 
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Here, FEM large deformation analysis has been performed for obtaining the 

deflection under large loading. 

In the large deflection case of elastic beams, the Duffing equation [104] can explain 

the relationship between the load and spring distortion. When taking account of large 

deflections, the elastic restoring force can be simply modeled as the sum of a linear 

term and a cubic term of x, x being the displacement of the spring. The spring 

restoring force F is, 

F=- kx - k3x3 ..................... (4.17) 

where k and k3 are the linear and cubic elastic constants of the spring. 
The FEM simulations were performed in order to obtain the linear spring constant k 

and cubic spring constant k3. These simulations were performed with the ANSYS 

large deformation option. In the large deformations option, its changing geometric 

configuration can cause the structure to respond nonlinearly. Geometric nonlinearity 
is characterized by large displacements and/or rotations. We have compared the 

relationship between load and spring deflection from static analysis with large 

deflection effects and without large deflection effects. Table 4-6 shows the results 

from ANSYS. 

The analysis of linear model of the spring yields the linear constant k as 49.94 

pN/gm. For the large deflection of the microspring, we obtain the linear constant of 

the spring k and the cubic constant k3 of the spring, which are 48.1948 [tN/[tm, and 

0.00296 [tN/gnf3 derived from the values of Table 4-6. 

Fig. 4-33 shows the plotted relationship between displacement and load using the 

linear and nonlinear results tabulated in Table 4-6. From the results, we can see that 

when the applied load is below 1000 gN, the nonlinear effect is not significant in this 

box-spring. Fig. 4-34 shows one of the results from ANSYS nonlinear simulation of 

the box spring. 
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Fig. 4-33: FEM simulation about a box spring using Linear and Nonlinear analysis. 
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Fig. 4-34: Picture of nonlinear analysis of micro 
polysilicon box spring using FEM packaging ANSYS. 
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Applied force (VN) 
Maximum 

Displacement (gm) 
ANSYS Nonlinear 

Maximum 
Displacement 

(ANSYS Linear) 
50 1.001 1.001 

100 2.002 2.002 

150 3.003 3.004 

200 4.002 4.005 

250 5.001 5.006 

300 5.998 6.008 

350 6.994 7.009 

400 7.998 8.010 

450 8.980 9.011 

500 9.970 10.013 

550 10.958 11.014 

1000 19.699 20.025 

1500 28.982 30.038 

2000 37.670 40.051 

3000 52.977 60.076 

5000 75.635 100.127 

TABLE 4-6. Load and deflection relation with nonlinear analysis and linear 
analysis. 
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4.8 Force measurement of SDA 

Forces generated by SDAs have previously been measured [19] by a technique using 

a buckling beam. The SDA is connected to a beam that buckles out of the plane of 

the silicon surface as the SDA exerts a force. The buckled beam acts as a spring and 

its vertical displacement is measured. In another publication, the optimized SDA 

plate length for a single SDA versus output force has been investigated by R. 

Linderman et al [105]. We have experimentally investigated the relationship between 

applied voltage and output force and relationship between the number of SDA plates 

and output force with the same type of spring. We have concentrated on modeling the 

spring constant accurately in order to obtain precise results, as described in previous 

section. 

In terms of modelling of these springs the spring constant can be controlled by 

adjusting the dimensions and geometry of the springs. The box-spring has been used 

in our work. 

4.8.1 Experiment set up 

The set up of the experiment is shown in Fig. 4-35. Devices were put onto the x-y 

moveable stage of the microscope. On top of the microscope, there is a digital camera 

mounted, which can capture the detailed motion of the devices. The camera has the 

ports to be connected to the computer and monitor. The frame rate of the camera can 

be controlled and set to be the appropriate value for the testing. Two probes were 

employed to connect the pads of the devices to the BNC wires. The signal that is 

used to drive the devices comes from a digital signal generator, and then was input 

into the amplifier. After amplification, the signal plus DC bias was applied to the 

devices. ne output signal was monitored by the oscilloscope. 
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Fig. 4-315. Experimental set Lip for testing the SDA. 

4.8.2 Experimental 1'esults of SDA force 

I 

For our experiments, four difTerent designs of spring-loaded SDAs have been 

tabricated in PoIyMUMPs run 44. They have from I to 4 plates with two box-springs 

as shown in Fig. 4-36. In this picture, the small comb is the scale for measuring the 

displacement ofthe SDA. Different peak voltages from 100-200V have been applied 

c, jjýjptcr 4 105 



to the SDA. The dri-ving frequency is constant and has a value of IOOHz. When 

voltage is applied to tile electrode, the SDA moves forward and stretches the spring. 

The stretch can he measured from the scale. Once the t-orce of the SDA equals the 

restoration t'orce of the spring, the system achieves a balance and the SDA will stop. 

Thus, using this displaccrnent and the spring constants k we can deduce the force that 

the SDA generates. The box-springs are not separately calibrated since they are 

planar strUctures which would make any experimental characterization very difficult 

ý\ItIIOLIt customised equipment. Fig. 4-338 shows the florces of SDAs for three 

ditTerent applied voltage conditions. At the saine time, 2-plate, 3-plate, and 4-plate 

SDAs Ime also been investig 
, ated by the same inethod. This result lias not been 

reported before. 

Box spring Small comb 

//Fig. 
4-336(b) 

4-36 (a) I SDA plate 

4-36: Photo,,, -raphs ot'scratch drivc actuator with box-sprina. Fig. I O(a) is 
one-plate SDA and Fig. 10(b) is threc-plate SDA. 

We designed a set of the comb finger scales attached to the moving part and fixed Z:, 

part in order to clearly see the distance that the devices traveled. In Fig. 4-37, the 
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picture on the lelt IS tile PICtUre before tile actuator has moved, and on the right is the 

picture after the actuator has moved. 

100 tn 

= 

Comb finger scale 

1100 Pill 

- 

!1 

4-37: Micro photographs taken from high-speed camera, picture oil the Ictt is 
picture bet'ore movement, picture oil the right is the picture after movement. 

SDA output force vs. Applied voltage 
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4-18: The experimental result showing, output force versus voltage applied 
to the device. 
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SDA output force vs. number of plates 
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Fig. 4-39: The relationship between actuator output force versus 
plate number of plates. 

The nonlinear equation of the spring has been used to calculate the restoration force 

of the spring that is taken as the actuator output force. It should be noted that the 

same result is obtained using the linear spring equation because in all experiments, 
From the result of Fig. 4-33, we can see that the spring constant is linear when force 

is Icss than 1000 gN. 

The error bars shows in Fig. 4-38 and 4-39 are determined by the image 

magnification and detector resolution which determine how accurately the spring 

displacement is measured. Displacements measured using imaging equipment 

(microscope coupled camera) have an uncertainty of ± 0.74 Pm. This translates to a 

force uncertainty of ± 0.74*k which equals to ± 36.48 pN. Errors bars of this 

magnitude are shown in Figs 4-38 and 4-39. 

4.9 Conclusion 
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SDAs are versatile microactuators with the potential for enabling precise positioning 

of microcomponents on a substrate. They are often integrated with micro-optic 

elements where precise positioning is important. Some devices prototypes driven by 

SDA array have been designed and shown in Appendix C. An empirical comparison 

of the motion of SDAs formed on different substrates by a foundry process - 
PolyMUMPs - has been conducted, and the findings of this investigation have been 

presented. For this study, long-travel linear SDAs (travel of around 1000ttm) have 

been designed so that there is ample scope to observe their motion characteristics. 
Our findings show variation in the motion of SDAs formed on different dies, but to 

the same design. The velocity profile of long-travel SDAs has been explained in 

terms of changes in friction. These observations have been supported by surface 

analysis of the SDA sliders before and after voltage application. All measurements 
have been undertaken under similar laboratory conditions. We therefore attribute the 

variations to small differences in the surface characteristics of the deposited and 

etched layers and variations during post-processing release and storage. Whereas 

slight process variations of this kind are not significant in microelectronics, they can 
be more significant in MEMS where the behavior of a micro-electro-mechanical 
device, such as the scratch drive actuator, is determined by surface friction which can 
be made to vary by small differences in the properties of the layers of material from 

which the MEMS is fabricated. From the experimental conducted in this chapter, we 

would make the SDA with much longer rails in the future designs. 

The SDA modes during its working state have also been analysed in this chapter. 
Depending on the value of the voltages applied, two modes are identified, namely 

non-contact and contact modes. The contact mode is very important for obtaining the 

relationship between applied voltage and step size. The theoretical expressions have 

been applied to our SDAs of fixed dimensions, although it is easy to expand this 

model to an SDA of any dimension. Experiments on our SDAs have been carefully 

performed using a Veeco NTIOOO Surface Profiling Too]. The theoretical results 

have been compared to experimental measurements, with good agreement being 

obtained between the two. Separately, IntelliSuite software has been used to simulate 
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the flexing of the SDA plate with DC voltage. Once again, the result from the 

simulation compare very well with the experimental findings. 

In this chapter, the SDA forces have also been estimated. Micro box-springs have 

been analysed by FEM using ANSYS. The ANSYS results of the spring constant 

compare very closely with the simple beam theory results of the spring constant. As 

far as we are aware, no work has been reported on using the FEM of a box-spring as 

a means of accurate estimation of SDA forces. Scratch drive actuators with box- 

springs and different number of plates have been fabricated using the PolyMUMPs 

process. These SDAs have been experimentally analysed to determine their force 

generation. Forces of 25 0±36 pN for one plate SDA up to 85 0±36 pN for 4 plate 
SDAs have been estimated for 200 volts driving voltage. Within the uncertainty 
quantified above, there is a near linear relationship between the number of SDA 

plates and the force generated. 
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Chapter 55 

Variable Optical Attenuator Driven by SDA 

5.1 Introduction: 

A \ariable optical attenuator (VOA) can be used to manage and control the power 
levels (power equalisation) in optical fibre networks. Manually controlled variable 

attenUators can be Included on optoelectronic circuit packs and factory adjusted to 

match the particular nevvork specifications. Electrically controlled variable 

attenuators enable remote compensation for dynamic changes in the network. 
Micromachined variable optical attenUators are mainly electrically controllable. 
MEMS technology has been used by several research groups as a way ot'devising a 
VOA [ 12], [106], [ 10], [11 ]. The general MEMS approach relies on introducing a 

movcable shutter bemeen two facing optical waveguides (usually single inode 

optical fibres) and using \arious forms of rnicro/nanoactuation to control tile shutter 

position. The shutter controls the transmission of light between the fibres depending 

on its position. A schematic diagrain of the MEMS VOA is shown in Fig. 5-1. Z-- 

Input fibre 

OLItpUt fibre 

Moveable shutter 

Fig. 5- 1. Schematic diagram ot'MEMS VOA. 
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In Chapter 4, the characteristics of the scratch drive actuator (SDA) have been 

investigated in detail. In this chapter, we have used such SDA arrays integrated with 

a microshutter to realize the function of a variable optical attenuator. The advantage 

of this type of VOA is that the position of the microshutter can be precisely 

controlled by nano-stepping scratch drive actuators. Such a variable optical 

attenuator has been designed and analyzed both for its mechanical and optical 

characteristics. PolyMUMPs process of MEMSCAP foundry has been used to build 

the prototype of the VOA. In the VOA device, the key components are actuators and 

moveable shutters. The actuator used is the scratch drive actuator that was treated in 

Chapter 4. Therefore, in this chapter we put our emphasis into the moveable 

microshutter design and optical design. The microshutter consists of microhinges and 

a vertical shutter. Microhinges are reviewed and designed in Section 5.2. Vertical 

shutter has been realized using integrated self-assembly technique, discussed in 

Section 5.3 and 5.4. Optical model was built using diffractive theory and the 

attenuation function was calculated by compiling a program using Matlab software. 
This is described in Section 5.4. Finally, the fabricated VOA has been characterized 
by putting the microshutter between two face-to-face single mode optical fibres, as 
described in Section 5.5. 

5.2 Microhinge design for VOA 

The VOA requires a three-dimensional microshutter that can be realized using 

polysilicon surface micromachining. In order to obtain a 3-D structure, microhinges 

are utilized. Microhinges are used to connect two objects together and allow these 

two objects to move with certain degrees of freedom. The first prototype of 

microhinges was introduced by K. S. J. Pister [7]. After that, L. Lin did some 

modification for the microhinges to achieve the angular precision required for a 

micromirror [107]. Here, the original microhinges have been reviewed and the design 

flow is illustrated layer by layer by L-Edit software. The modified hinges were 

employed to construct the shutter. 
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Hinge Pill 

Staple 

Fig. 5-2. Simple microhinge layout together with 3-D view. 

Fig. 5-2 shows a simple microhinge layout together with -3)-D view. 

/ 

Layout 

3-f) 

Conventional MEMS inicrohinge consists of' a hinge pin, staple and plate. Using 

PolyMUMPs, the plate is formed by Polyl layer, staple is formed by Poly2 layer, and 

hinge pill part is formed by Polyl. This type of hinge has no movement in tile x-, y- 

axis, and call only be used for moving the plate Out of the plane, so it is called a 

'substrate' hinge. Furthermore, a 'scissor' hinge can be used to connect two plates 

toL,, ethcr. The design flow is described as follows. Fig. 5-3 (a) - (c) show tile design 

SCLILIelICC ofa 'scissor' hinge by PolyMUMPs. 

Step I. Pattern I m, tile Po IyII ayer, as the Fig. 5-3) (a) shown. tý 
Step 2. Ftching the oxide 2 layer and forming the 'via' between poly I and poly2. 

Step 3. Pitterning, the poly2 layer for the connection. 
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1 

Fig. 5-3 (a). Layout and 3)-D view of step]. 

I 

Fia. 5-33 (b). Layout and 3-D view of step2. C7 
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I 
I. 

II 
0 

Fig. 5-3 (c). Layout and 3-D view of step3. 

In order to get precise control of the hinge action, the hinge has to be modified to 

minimize the shift between the hing 
,e pin and staple. The modi tied layout is shown in 

Fig. 5-4 (a). Fig. 5-4 (b) shows the SEM picture ol' the modified hinge I'abricated 

using PolvMUMPs during the research. A standard staple and pin hinge can also be 

seen in the SEM picture. Fig. 5-5 shows the close view of a hinge. 
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5.3 Integrated self-assembling and holding technique 

Surface micromachining remains a widely used process for the realization of three- 

dimensional (3-D) MEMS devices. The general approach to attaining 3-D devices is 

to initially fabricate planar two-dimensional structures, and to subsequently lift the 

structures out of the plane of the substrate (the x-y plane) thereby orientating them 

parallel to the z-direction. Considerable research effort has been expended in 

developing approaches to assembling such 3-D MEMS; some of these are described 

below. Three-dimensional microstructures, including microgratings, microshutters, 

and micromirrors are frequently used in free-space optical MEMS [108]. More 

recently, 3-D microassembly technology has been applied to RF MEMS, for example 
in achieving out-of-plane micromachined inductors which are shown to have better 

electrical characteristics (lower loss, less parasitic capacitance) when compared to in- 

plane micromachined inductors [109]. It is thus evident that 3-D MEMS have a 
diversity of applications ranging from RIF to optical frequencies. 

Various techniques have been used to assemble such 3-D structures. The simplest 

involves manual assembly using micromanipulators [ 110]. Whilst this may be useful 

for assembling a few discrete devices, it does not lend itself to efficient assembly of 

large numbers of components or of complex systems. The technique is time- 

consuming and there is the potential of structures being damaged by the 

micromanipulators or not being accessible to the micromanipulator probes. Another 

method is to use dedicated microactuators for 3-D lifting and assembly. Approaches 

using electrically active thermal [III] or electrostatic [ 19], [112] actuators have been 

reported. The use of surface tension forces generated from a range of materials is an 

alternative technique for 3-D self-assembly. Meltable pads of thick photoresist have 

been used to self-assemble micromirrors by utilizing surface tension forces [113]. 

Molten Pb/Sn solder spheres [ 114) and thermally shrunk polyimide joints [ 115] are 

other materials that have also been used for 3-D assembly. Magnetic forces [591 
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including plastic deformation magnetic assembly [116] have also been used to 

assemble microstructures, and this requires the incorporation of a magnetic material 

on the sections of the structures requiring assembly. Direct electrostatic forces have 

also been applied to lift microstructures [117] and potential differences of between 

3540 volts have been shown to be sufficient to produce lifting forces for hinged 

micromirrors. 

In the approach described in this Section, a stress-induced curved bimorph cantilever 

is utilized to self-assemble a moveable optical microshutter which has been 

fabricated by polysilicon surface micromachining. When a bimorph cantilever is 

formed from two different films having different values of internal stress, the 

cantilever will bend to a concave or convex shape depending on the values and type 

of stress (i. e. whether tensile or compressive). Polysilicon and metal are materials 

often used in surface micromachining technology and can be used for forming such 

self-bending beams because of the different internal stresses present in these 

materials. Such bent bimorphs have several interesting applications. In micro-optics 

they have been used in the realization of curled cantilever optical switches [ 118]. 

They have also been used for elevating flat micromirrors parallel to the plane of the 

silicon substrate in order to obtain a higher angular deflection from the micromirrors 

[ 119]. In RF applications, they have been used to form out-of-plane inductors [ 1201. 

This chapter describes how this principle of a curved bimorph cantilever induced by 

differential stress has been used to realize self-assembling and holding of moveable 

optical microshutters. The theoretical deflection of the bimorph is derived and 

compared with experimental measurements. Measurements of the angular elevation 

of a batch of self-assembled microshutters have been made, and these are presented. 

Thermal measurements on the bimorph beams have also been made, and these are 

compared with theoretical results. Finally, optical measurements on a fibre optic 

variable optical attenuator (VOA) incorporating the self-assembled microshutters are 

presented. 
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5.3.1 Self-assembly ai-chitecture 

A metal polysilicon birriorph cantilever is applied for the self-assembly of the 

in 1 crosh Litter in a MEMS fibre optic variable optical attenuator. A moveable 

microshLitter is placed between two unlensed single mode optical fibres whose end- 

faces are separated by a distance of 60 pin. Optical power coupled from one fibre to 

the other is controlled by allowing the shutter to partially block the passage ol' light 

between the two fibres. The shUtter is connected by microhinges to a transport plate 

that is moved by nanostepping microactuators commonly called scratch drive 

actuators (SDAs). Tills MEMS device has been fabricated to our design by the 
PolyMUMPs process. This IS a POlySilICOI1 SLII'1', ICe micrornachining process. The 

ShUtter \\ hich controls flie exchange of light between the two optical fibres Is Initially 

flormed flat, and lies on top of the transport plate to which it is connected by 

inicrohimues as shown in Fig. 5-6. The transport plate is formed in the Poly I layer 

whilst the shutter is t1ormcd in the Poly 2 and Metal layers of the process. The 

requirement is to raise and hold the shutter in position so that a 3-D microsystein is 

realized without any post-processing of the foundry fabricated dies. Avoiding SLICII 

post-processing to the standard fOLIndry processes Is advantageous to those 

researchers having, limited in-house fabrication capability. 

Transport 
. Plate 

Fig. 5-6. Layout shows the rnicroshutter 111OLInted on the transport plate, 
microhingc shown is modified. r, 
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5.3.2 Design parameters 2.1 

In this section, we calCLdate the tip displacement of a birnorph cantilever and then 

illustrate how this structure has been integrated into the VOA design to achieve self'- 

assembly oftlic shutter. 

Figy. 5-7 sho\\ s the dimensions of a bimorph beam, which is composed of polysilicon 

and a metal (, -, old) layer on the top. Differential stress in the two layers generates a 

curvature ofthe beam and the radius of curvature is denoted as p. 

h1 

L. 

Fl, -,. 5-7: Dimensions of bi-layer beam 

-lz 

Fig. 5-8. parameters of the bi-layer strip. 

'ýý p 
MP ik p 
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From reference [121], the expression for the radius of curvature due to the different 

initial stress can be deduced. The problem can be described as bi-layer strip 

consisting of polysilicon and metal. Assuming that initial stress of polysilicon is up, 

thickness is hi, Young's modulus is Ep. The initial stress of metal is am, thickness is 

h2, Young's modulus is Em. (shown in Fig. 5-8) 

The interaction between the two strips produces a force at the common surface 

tending to compress the metal and extend the polysilicon. If the internal force is P, it 

gives rise to a 'direct' load P at the center of each section, together with a bending 

moment in each strip. Assuming p is the same for both strips 

Mp = 
Ep 

Ip 
I 

bh, 3 
Ep 

p 12 p 

E. I 3Em M. =pM= 12 
bh2 

p 
(5.2) 

For equilibrium of the cross-secion, 

M. +mp =P 
h, +h2 (5.3) 

2 

From equations (S. 1), (5.2), and (5.3), we can obtain 

13E. 
+1 bhl 3 

Ep 
= phi + h2 

(5.4) 
12 

bh2 
p 12 p2 

The difference in linear strains at the central axis of each strip is (hi + h2)/2p, and 

allowing for load and initial stress, the compatibility equation is 

h, +h2 p cr ppa. 
2p ý--bhEp + Ep bh2E. + E. 

(5.5) 

Re-arranging the equations (5.4) and (5.5), the radius of the curvature is 
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I 4EPE. h'h2+ 6EPE. h'h' + 4EPE,, hlh2+E 2h4+E2 h' 
10 

=_p1. 
6 hlh2(h, +h2)(6pEm + o7mEP) 

........................................ (5.6) 

(TP is the residual stress of polysilicon, the value for the residual stress in the 

polysilicon is 10.31 MPa (compressive) [90], which is from PolyMUMPs Run Data; 

and o-. is the residual stress of the gold layer, the residual stress value for the gold 

film is 33.17 MPa (tensile) [90]. Ep is the Young's modulus of polysilicon, which is 

taken to be 169GPa while Em is the Young's modulus of gold, which is taken to be 

70GPa. In accordance with the PolyMUMPs process, the thickness of polysilicon hi 

equals to 1.508 pm, and the thickness of gold layer h2 equals to 0.513 pm. 

X 10-5 
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X 104 

Fig. 5-9. Calculated result showing the relationship between bimorph beam 
length and tip displacement. 
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The displacement, (5, of'the tip is: 

Cos( 
L 

)) ................................................ (5.7) 
p 

ý\here L is the beam length. The relationship between tip displacement and beam 

length was calculatcd usingy equations (5.6) and (5.7) and is shown in Fig. 5-9. 

In our design, a 400 pm biniorpli beani was designed in order to get enough tip 

height to assemble and hold the shutter. 

Po I) " 
ShUttCl- 

or 
Micro- 

Poly I holder 

-lawl 

Stress-IndUced CUrved beam 

Fig. 5-10: Layout and 33-D picture ofassernbling part of self- 
assembling method. 

5.4 Experimental denionstration 

The layOUt Ol'thC se I f-assenibled shutter ofthe MEMS VOA is shown in Fig. 5-10.1 n 

this layout diagram, the holder is made by Polyl that is partially underneath tile 
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Poly2 shutter before release by HF etching and supercritical CO-, drying. This holder 

is connectcd to a stress- I nduced curved bearn which is formed by Poly2 coated with 

gold. After releasing, the birnorph bearn is bent upward due to the large diffierence of 

residual stress between polysilicon and metal. The holder will rise and inake the 

shutter lift Lip immediately also holding it in position. The microhinge is designed to 

link the shutter to the translation stage, and therellore the shutter is self-asserribled 

and perrnaiientl\' Upright on the translation stage. 3-D self assembly has therefore 

been acliIeN ed very simply, without further post-processing. Fig. 5-11 (a) and (b) are 

two electron micrographs, in which the shutter is shown standing on the trarislatiori 

plate and held by the biniorpli beam. 

hg. 5-11 (a): Electron micrograph of VOA showing self- 
assembled ni icrosh Litter. 
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Fizg. (h): Electron micrograph of VOA showing self-assembled ni I crosh utter. Z-- 

5.4.1 Angular measurement 

All deN ices recek ed from tile foundry were noted to be self-assembled. The angular 

elevation of' the rn icrosh Litters were measured following the process described in 

[116]. The devices were viewed under a microscope to whose stage a dial gauge was 

fixed. The dial 1-1aLII-Ie enabled the vertical movement ofthc stage to be read with an 

error of 2 pin. The microscope was flocused on the bottorn edge ofthe Inicroshutter 

and a reading N\as taken from the dial gauge. The microscopc was then focused oil 

the top edge of the shutter and a second reading was taken flrorn the au c. T g L, lie 

diff'crence in these readings represented the vertical movement ofthe stage and is the 

height "y" shown in Fig. 5-12. Tile actual lenggth "I" of the shutter is krimvii a priori 

and so the elevation angle "0" is calculated using trigonometry. Altogether, a batch 

of 16 devices was measured. Fig. 5-13 shows the range of angular elevations 

obtained from the measurements. 
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Fig. 5-13. assembled shutters angular measurement results. 

5.4.2 Temperature effects 

This type of assembling can be controlled by temperature, since the two materials of 

the beam have very different thermal expansion coefficients. The deflection of a 

bimorph cantilever tip due to temperature variation is derived from [121], 

considering the initial stress. The radius p is: 

322hh3 
+E 

2h4 
+E 

2h4 

p 
4EPE,,, hl h2+ 6EPE. hl h2 + 4EPEm 12m2p1 

6 hlh2(h, + h2)(apEm + c. Ep + ATEPE. ap - ATEPE 
.. a.. 

.................. 
(5.8) 

where, Ep and E,,, are Young's modulus; hi and h2 are thickness; ap and a.. are the 

thermal expansion coefficients of the low expansion material (polysilicon) and high 

expansion material (metal) respectively. In our bimorphs, the values of thermal 

expansion coefficients are 2.5 x 10-6 IC1, and 23 x 10-6 K71 for polysilicon and gold, 

and all other parameters are as for the beam in last section. From equation (5.8), 

assuming the bi-layer beam is 400 pm, the relationship between temperature 
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variation AT and tip displacement is shown in Fig. 5-14. A positive value indicates 

that the tip is moving up away from the substrate. From the fig. 5-14, the tip of the 

beam bends upward (initially around 17 um) when the temperature change is 0 K, i. e. 

at room temperature is 20 Celsius. It is assumed that the constants are not changed 

with the temperature for small temperature excursions. When increasing the 

temperature by small value, the beam bends down rapidly due to the large thermal 

expansion coefficients of polysilicon and metal. The tip motion is very sensitive to 

the temperature changing. The advantage is that the bi-layer beam can be controlled 
by temperature to the required position. The disadvantage of this assembly method is 

the unstability due to the environment temperature. 
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60 

Fig. 5-14. Relationship between temperature changing and tip displacement, 
assuming the initial bending caused by initial stresses of polysilicon and 
metal. Assume room temperature is 20 Celsius. 

An experiment to verify the theory described above has been performed using the 

following procedure. The VOA device is placed on a Peltier element whose 
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temperature can be raised or lowered by applying a DC voltage. A series temperature 

values have been set, the room temperature was measured to be 20 Celsius. The 

device and Peltier element were placed on the surface of a Veeco NT 1000 Profiling 

tool. The profiling tool can precisely measure the height change of the beam. The 

experimental results are shown in Fig. 5-15. The reaction of the bimorph beam to the 

temperature change is shown in Appendix F. 

35 

30 

- 25 
E 
M 

20 
.2 
o 15 
CL 
CL 

ý- lo 

5 

0 

Fig. 5-15. Relationship between tip position and temperature change for a 400[tm 
length bimorph. 

5.5 Optical design: 

The schematic diagram of the VOA is shown in Fig. 5-16. A shutter is located 

between two single mode optical fibres, and can be driven to move into the light 

beam to block the light energy partially (like a knife edge). First of all, the light 

comes out from input fibre propagated as a Gaussian distribution. Then the shutter 

blocks part of the light at distance z, from the tip of the input fibre. Then it is 
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diffracted to tile Output fibre's facet and coupled into tile Output. 'rhese follovving 

steps are described as: 

sZ "%Z '%Z 
V(x, v) 

2w 
-- -- -------- --------- 

111PLIt 

SlILIttCl- 

Fig. 5-16. Attenuator system in the optical tý 
modeling. 

The light bearn in the input fibre end has an amplitude Uo(t,. Y) given by 

t +s 
exp -2 TV 0 

(5.9) 
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F2 

0 
ý; 2 where wo is the waist radius of the Gaussian beam. The term ýý is used to 

0 

nonnalize the energy to 1. 

2. After transmitting z, distance, the light beam reaches the shutter and is 

blocked partially by this shutter. The field distribution can be expressed as 
[1221 

jýfiz, 
exp jk z, +ý2 

+17 2 

expl 
ý2 + 72 

1 

?7ý: ? 7o 
ý, 2 2 U(ý, 17)= Vir(zl+jz, ) wi 2z, (I + 2) ?7<? 7o 

10 

1 

(5.10) 

where 7o is the position of the shutter edge, k is the wavenumber given by k= 27C /A, 

z,. is the Rayleigh range given by z,, = ;r wo 2 IA' A represents the wavelength, and wl 

stands for the waist of the Gaussian beam given by 

wl =wo 

2 

Z12 
r 

3. The light beam is then diffracted to the output facet. The field distribution 

V(x, y) can be expressed by using Rayleigh-Sommerfield diffraction fonnula 

[123] 

V(X, Y) =, 
fj U(ý, )7) 

, p(jkrol) dý&7, 
jA roll 

where z2 is the distance between the shutter and output facet. rol is the distance 

between point (6 ? 1) in shutter plane and point (xy) in the output plane, which given 
by 
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The OLItPUI PO\\-Cl- is calculated by correlating the output Field with the fundamental 

mode ofthe output Fbre, as follows [128]: 

2 
ff 

(5.14) 

f 

therefore, the attenuation L is obtained as 

L=- 10 lo, -,.: . (5.15) 

Other parameters are ;. =1.55 Lim, ivo = 5.1 um, -7-/ = 30 Lim, z, = 30 um. 

The output field is compared to the field on the shutter plane showing in Fig. 5-17, 

Fitz. 5-18, and Fig,. 5-19. Equation 5.15 is used to calculate the actual optical power 

COUP111h; to tile Output fibre, and thus, the transfer function of the attcnuator is 
Z17 

obtained in Fig. -5-20- 

x 10"5 x 10-6 

x 10,6 

x 10,5 

Fig. 5-17 - 1, Diffracted patterns calculated in shutter plane and Output I lbre 
plane. Pictures on the left are in the shutter plane, on the right hand are in tile 
output fibre plane. The shutter in the position of- 4 turi (q =-4 pm). 
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Fig. 5-17 - 2,2-D optical output field compared to the field on the shutter plane. 
The shutter in the position of -4 pm. 
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Fig. 5-18 - 1, Diffracted patterns calculated in shutter plane and Output fibrc 

plane. Pictures on the left are in the shutter plane, on the right hand arc in the 
output fibre plane. Tile shutter in the position of 0 pin (ij =0 prn). 

Chapter 5 133 



1.2 

wavefont in 1 

receiving fiber plane 

-wavefontin shutter 0.8 

plane 
0.6 

. 
L4 
ra 

E 
0 02 

Q] 

1ý 

-30 -20 -10 0 10 

-0.2 

y- axis position (urn) 

20 30 

Fig. 5- 18 - 2,2-1) optical output field compared to the field on tile shutter plane. 
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Fig. 5-19 - 1, Dift'racted patterns calculated in shutter plane and output fibre 
plane. Pictures on the left are in the shutter plane, on the right hand are M the 
output fibre plane. The shutter in the position of 4 pin (ij =4 ýun). 
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Fig. -5- 19 - 2,2-1) optical output field compared to the field on the shutter plane. 
']'he shutter in the position of 4 pin. 
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5.6 Experiment 

5.6.1 Equipment and devices setup 

During, experimental evaluation, the silicon chips with the VOA were electrically 

connected to a custornized PCB and placed Linder the microscope to aid tile fibre 

alignment. Optical fibres were precisely positioned close to the VOA using ordinary 

optical translation stages. Fig. 5-2 1 shows the two fibres with tile m1 crosh utter. 

Microactuator 
array 

Vertical 
microshuttCr 

Fig. 5-21. Experiment arrangement of the VOA testing. 
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5.6.2 Static testing 

The attenuation characteristic of the VOA was tested at 150 V rectangular voltage 

waveform of 50% duty-cycle. To measure precisely the attenuation characteristic 
during one cycle the device was driven at 100 Hz. First of all, the beam waist in the 

shutter plane should be calculated, because the displacement to be achieved by the 

SDA depends on the beam size at the surface of the shutter. (The Gaussian beam will 
diverge when it comes out from an optical fibre shown in Fig. 5-22). For a standard 
SMF, the waist of the beam emerging from the fibre is given as 

2-1/2 

Iv=WO l+ 
Az IZ 

(5.16) 
0 

Here, z is the propagation distance, wo is the initial beam waist, (which is 5.1 [Lm); A 

is the wavelength (1.55 Itm); w is the beam waist at z. The beam waist related to the 

propagation distance z is shown in Fig. 5-23. 

Position of 
the mirror 

Beam Waist 

IV 

Position of output 
fiber end surface 

'V2 

---------- 

Fig. 5-22. Divergence of the Gaussian beam. 
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Fig. 5-23. Beam waist vs. distance. 

From above calculation, the beam waist is around 5.8 ýtm at the 30 gm from the input 

fibre. So the SDAs are required to move at least 11.6 gm. Fig. 5-24 shows the testing 

result of the relationship between moving time and attenuation. 
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Fig. 5-24. Moving time vs. attenuation. 
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From Fig. 5-24, it took the actuator arrays 7 seconds from beginning shutting light to 

completely closing the light beam. So the speed of the actuator is calculated to be 2x 

5.8 /7=1.6 pm/s. Also the step size of the SDA is deduced to be 16 nm because the 

driving frequency is 100 Hz. The insertion loss for ideally aligned fibres separated by 

60 pm is 1.15 dB (assuming the angular and laterally misalignments are 0). 

Experimentally, the fibre to fibre coupling was measured - 2.3 dB (here, input power 

was recorded 500 gW, and output power was recorded 290 pW). The maximum 

attenuation is measured to be - 36.5 dB. The experimental results of attenuator has 

been compared with theoretical result from Fig. 5-20, which is shown in Fig. 5-25. 
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Fig. 5-25, Comparison of theoretical and experimental results. 

Through the experiments, the moving of the transport stage causes the wobbling of 

the microshutter, which induces the error between theoretical and experimental 

results. 

5.6.3 Repeatability testing 
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The repeatability of the device was measured at 100 Hz. The measured insertion loss 

of the aligned fibres was typically - 2.3 dB. The attenuation speed depends oil the 
driving frequency of the SDAs. The VOA was driven at 100 Ylz and once the 

transmissim dropped to its lowest value the driving voltage was switched off. This 

allowed the restoring force of the spring to pull the device back to its original 

position re-establishing the full light coupling between the fibres. This action was 

repeated up to 100 times. During that time it was always possible to move the device 

backward and forward to achieve the on-off action of the VOA. The result is shown 

in Fig. 5-26. Decay in the Fig. 5-26 is caused by the continuous knocking between Z-- II 

transport plate and the fibres, then disalignments happened. 
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Fig. 5-26. Repeatable testing of VOA. The x- axis is time, the unit is 
second. The y- axis is the recorded data ofthe output power, scaled 
by inV. 

5.7 Conclusion 

A \armble optical attenuator poNvcred by scratch drive actuator has been designed, 

analyzed, and characterized. Microhinges are employed to construct a 3-D moveable 

microshuttcr. The principle of )-D self-assernbly using stress-induccd bearns has 
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been applied to assemble this shutter. The major advantage of the self-bending beam 

is that it immediately assembles the 3-D structure automatically after the FIF 

releasing process. There is no extra step or process to be implemented because the 

assembled beams are integrated into the structure design. The stress-induced beams 

can also be controlled by changing the temperature, because the two layers of the 

bimorph have a large difference of thermal expansion coefficients. Such self- 

assembly techniques may have many application in areas such as micromirrors and 

microoptical switches, and other 3-D MEMS applications. An optical model has been 

built using diff-ractive theory, and attenuation function was obtained. Measurements 

of the optical attenuator show that the attenuation can be precisely controlled because 

the SDA has precise step size (measured 16 nm). The measured insertion loss is - 2.3 

dB in open state, and - 36.5 dB in off state. 
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Chapter 6 

Design and Evaluation of a MEMS Optical Chopper 

6.1. Introduction 

Optical choppers are mainly used in precise optical measurements for both free-space 

and guided-wave optics particularly where the influence of stray light is perceived to 

be a problem. Light from the optical source that is used for the measurements is 

"chopped", that is the light signal is modulated in intensity so that the received light 

signal is converted into an alternating current at a photoreceiver. The received a. c. 

photocurrent which is directly proportional to the light intensity is fed into a 

synchronous detector, such as a lock-in-amplifier, so that its amplitude can be 

measured with greater accuracy without the error induced by d. c. drift in the 

electronics or stray light from the environment. Conventional optical choppers are 

usually in the form of a motor-driven wheel with regularly spaced apertures through 

which the light to be "chopped" will pass. They are thus large in size and are hence 

not suitable for optical microsystems. Miniaturised optical choppers fabricated by 

various micromachining technologies and in different material systems have been 

reported in earlier literature [22-25]. In [22] a micromachined chopper based on a 

moving diffractive element was reported for infra-red measurements. The device 

was fabricated on LPCVD silicon nitride deposited on a sacrificial LPCVD oxide 

deposited on a silicon substrate. In [23] an electrostatic actuator was used to drive a 

single polysilicon shutter integrated with a silicon photodetector. Polysilicon surface 

micromachining is used in the fabrication process. In [24] the micromachined 

chopper reported was fabricated in quartz and the device was piezoelectrically 
driven. The quartz chopper of [24] with dimensions of 6mm x 7mm is substantially 
larger than the compact device reported here. In [25] the chopper was also fabricated 

using polysilicon micromachining, but with the inclusion of a back-side etched hole 

through which the light to be chopped is transmitted. 
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The chopper reported here has been fabricated in BSOI (bonded silicon-on-insulator) 

which is mechanically and electrically superior to polysilicon. The design is 

symmetric about its centre. Each half of the chopper consists of a blade attached to a 

suspension and electrostatically driven by a comb microactuator. The two comb 

drives are electrically connected in parallel. The two blades form a slit that can 

periodically be closed, resulting in the chopping action if an a. c. voltage is applied. 

Alternatively, application of a d. c. voltage will simply result in an optical slit whose 

width can be controlled by the magnitude of the voltage. The inicrofabrication 

process Includes back-side etching of an aperture through the wafer, thereby making 

it convenient to align and accommodate optical fibres with respect to tile chopper. 

The entire structure is shown schernatically in Figure 6-1. The overall dimensions of 

tile CIIOPPCI-, InClUding, tile microactuators and micrornechanical suspension, are 1200 

pin x 1200 pin making it very compact. 

Fibre 10 

Act 

Shutter 

; uspension 

Fig. 6-1. Schematic diagram of the fibre optical chopper. 
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Fhe comb-actUator driven chopper, designed for use in conjunction with fibre optics, 

has been fabricated in sillcon-on-Insulator material which has been back-etched to 

create an optical path through the thickness of the substrate. General electro- 

mechanical desien considerations, including factors to minimise the side instability 

ofthe comb drive, are described in this Chapter. Finite element modelling (FEM) of 

the chopper has been backed up by simple theoretical results, and the results from the 

theoretical work verify the findings from the FEM. Optical modelling of the chopper 
has also been undertaken. Experimentally, the device was driven trom 0-34 volts d. c. 
to measure its static characteristics. For dynamic characterisation, the device was 

operated from 0-28 volts a. c. and its fundamental resonant frequency was measured 

to be 3 kliz. The shutters come in contact at greater than 28 volts, which influence 

the dynamic perlormance of device. Experimental evaluation of the device 

characteristics are shown to closely match the theoretical predictions. 

6.2. Mechanical design considerations 

In this section, theoretical and finite element modelling (FEM) results flor static and 
dynanlic characteristics ofthe comb drive are presented. 

6.2.1. Theoretical analysis of comb drive actuator 

Ltý 

V 

h) 

Fig. 6-2. Single comb drive cell. 

x 
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A comb drive microactuator consists of two interdigitated finger structures (combs) 

with one comb fixed and the other connected to a compliant suspension. Application 

of a voltage difference between the combs results in the deflection of the moveable 

comb by electrostatic forces. An engaged pair of fingers, defined as one cell of a 

comb actuator, is shown in Figure 6-2. 

To simplify modelling, the electrostatic field between the fixed and moveable fingers 

is approximated by a one-dimensional parallel-plate model. In the analysis, three- 

dimensional effects like fringing fields, comb-finger end effects and the ground- 

plane levitation effect are neglected. The capacitance between the fixed and 

moveable comb fingers can be expressed as: 

C 
2nct(x + LO) 

9 

where n is the number of fingers, co is the dielectric constant of air which is 8.85 x 
10-12 F/m, t is the thickness of the comb fingers, Lo is the initial comb finger overlap, 

x is the comb finger displacement and g is the gap spacing between the fingers. The 

lateral electrostatic force in the x- direction is equal to the derivative of the 

electrostatic energy with respect to x: 

F, =I 
aCV2= ncotV2 

...................... (6.2) 2 ax 

According to Equation (6.2), in order to obtain a large force while keeping a relative 
low applied voltage, there are three factors that should be considered. 

1. The number of comb fingers (n): Increasing the number of comb fingers will 
directly increase the output force. In our design 102 comb pairs have been 

used. 
2. The thickness ofthe combfingers (t): Increasing the thickness of the structure 

will directly increase the output force. The BSOI material used by the 

commercial foundry where our devices were fabricated has a silicon layer 

thickness of 10 ±I Rm [90]. 
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3. The gap between the combfingers (g): Decreasing the gap spacing will result 
in larger driving force, but at the same time increasing the side instability. 

Analysis of side instability is described in the next section. Based on this 

analysis the gap spacing in our design was selected to be 2.5 gm. 
6.2.1.1 Side instability and the stable travel range: 
The phenomenon of side sticking has been taken into consideration in our design. A 

series of theoretical calculations introduce the concept of side sticking [124]. Figure 

6-3 shows a typical comb-drive actuator with two pairs of folded spring suspensions. 

When a driving voltage, V, is applied between the moveable and fixed fingers, an 

electrostatic force F, along the x-direction is generated. Additionally there is an 

electrostatic force along the y-axis pulling the moveable and fixed fingers together. 
The net electrostatic force in the y direction, Fy, generated by both sides of the 

moveable fingers, instead of pulling the moveable finger structure back to the 

original position, will push it further off equilibrium. The maximum stable 
displacement d.,,. [124] can be expressed as: 

dmax= 1, 
,, 21yg2 4 

...................... (6.3) 22 

where K, and Ky are the spring constants in the x- and y- directions and all other 

symbols are as previously defined. From Equation 6.3, it can be seen that increasing 

the comb gap g will increase the stable travel distance, but at the cost of increasing 

the electrostatic voltage required to produce the force F,, (see Equation 6.2). 

In the folded spring suspension, the x-direction and y-direction spring constants are 
[125]: 

2EtW3 
Kx = Lj 3 ............................ (6.4) 

K 
2Etw 

............................ (6.5) 
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Fig. 6-33. Single comb drive with folded beam suspension. 

", here t is tile thickness of the beam, w is the width of the beam, and L, is tile length 

of the suspension beam of the folded spring. SUbstittiting Equations (6.4) and (6.5) 

into Equation (6.33), the maximum displacement obtained is given by the expression: 

12L 
................ (6.6) max 2 
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Figure 6-4 shows the result calculated from Equation (6.6) where Lo =3 Rm, L, = 
590 gm and w=3 ýtm. The gap spacing g is varied from I ýtrn to 5 jim, and the 

maximum stable travel distance is calculated over this range. 
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Fig. 6-4. Relationship between the maximum stable travel 
displacement and gap spacing. 

In our design of the comb drive, the gap spacing is set to be 2.5 [tm. The maximum 

stable displacement is around 350 gm. This value is much larger than the length of 

each comb finger in our device design (Lf = 40 [im) making our comb actuator 
inherently stable. 

6.2.1.2 Resonant frequency 

An expression for the fundamental frequency of a folded spring structure has been 

derived in [30] as : 
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K 
-x (6.7) 

21r pl te 
+ O-T7I4Mbeam 

where K. is the lateral spring constant, Mplate is the plate mass, Mbeam is the 

supporting beam mass. For our device design, the plate mass (Mplate) is calculated to 

be 7.93 x 10-10 kg and Mbeam is calculated to be 3.33 x 10"0 kg. For these values, the 

spring constant K,, is calculated to be 0.50 pN/gm and the fundamental frequency is 

calculated to be 3.72 kHz. 

6.2.2 FEM analysis 

In this section we present the results of FEM of the mechanical elements of the 

optical chopper, comparing the values obtained from FEM with those obtained from 

the theoretical expressions of the previous section. 

6.2.2.1 FEM: Static analysis 

Using ANSYS software, we obtained the spring constant K,, for the structure as 
follows: a finite element model of the chopper was constructed and static loading 

applied to this model. For each value of load applied, the deflection in the x 
direction was obtained using the software. A plot of the load vs. deflection data for 

the structure yields the spring constant which was calculated to be 0.51 pN/[tm. This 

value is in good agreement with that calculated in section 6.2.1.2. The relationship 
between applied voltage and displacement of the moveable fingers is likewise 

obtained through the FEM simulation using ANSYS software. During modelling it is 

assumed that the travel of the finger is in the constant electrostatic force range. 

Figure 6-5 shows the results from the analysis. 

6.2.2.2 FEM : Dynamic analysis 

Modal analysis helps to determine the vibration characteristics (natural frequencies 

and mode shapes) of a mechanical structure or component, showing the movement of 
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different parts of the structure under dynamic loading conditions, such as due to the 
lateral force generated by the electrostatic actuators. The natural frequencies and 

mode shapes are important parameters in the design of a structure for dynamic 

loading conditions. Modal analysis of the chopper was performed using ANSYS. 

Figure 6-6 shows the mode shape of the chopper at its fundamental frequency, while 
Table 6-1 shows the natural frequencies of the chopper for its different vibration 

modes. 
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Fig. 6-5. FEM simulation result of relationship between displacement (Rm) and applied 
voltage (V). 

Table 6-1. Frequencies in different resonant modes. 
Modes Frequency (Hz) 

1 3350 

2 10765 

3 10810 

4 11395 

5 12222 
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Fig. 6-7. Shutter system in the optical modelling. 

Several theoretical approaches involving diffraction theory [126] can be used to 

analvsc the attenuation of light travelling through the aperture formed by the chopper 

blades. In i-clIci-cilce [127], a detailed explanation fior the choice of' tile most 

appropriate of the diftraction theories has been given. Here, we brictly introduce 

what diffraction formula can be used in our case. In scalar theory, there are I-OUI- 

diffraction methods, namely Fral. 111holler, Fresnel, Fresnel-Kircholl'and tile Rayleigh- 

Sornmert'eld method. The Fraunhofer technique is valid when the light striking the 

aperture plane can be assumed to be a plane wave, which is in the "far-field", where 

the light has propagated to a distance far from the aperture, and the diffraction pattern 

is the same as that at infinity. These conditions are not present ill OLII' arrangement, 

so this theory cannot be used. The Fresnel technique is valid in both tile Car and near 

field, where the "near field" is defined as the region where the diftraction pattern 

differs fi-om that observed at an infinite distance. The Fresnel-KircholTand Rayleigh- 
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Sommerfeld scalar formulations are similar, and only limited by the propagation 
distance being "greater" than the wavelength of light. Fresnel-Kirchoff diffractive 

theory was used to calculate the diffraction in a variable optical attenuator (VOA) 

device [11]. In a different MEMS VOA device the Rayleigh-Sommerfeld theory was 

successfully used [61]. Here, we have chosen the Rayleigh-Sommerfeld scalar 
formulations to simulate the diffraction character of our device. 

The analysis was undertaken in the following steps and with the following 

assumptions: 

a. The light emitted from the input fibre facet is a Gaussian beam with 

the mode field radius wo of 5.1 pm (data obtained from the fibre 

supplier). The light wavelength X is 1550 nm. 
b. From the input fibre to the aperture the light retains a Gaussian 

distribution but the beam waist is broadened: the waist radius at the 

aperture is w, where 

W, : -- WO 1+ 
2z, 2 

.......................... (6.8) 
ZWO 

and zj is the distance from input fibre facet to the centre position of 
the aperture and is 35 pm. 

c. The light is partially blocked by the blades forming the aperture. The 

unblocked light diffracts to the output fibre facet. Here the Rayleigh- 

Sommerfield fonnula is used [123], which has the form as: 

U(x, Y, Z) =Z, ffu(ýJ, 7720) 
exp(jkr) 

(3 P 17 j, t 
Zr2 

.................. (6.9) 

where, k is 2a A, r is the distance from the point (ý, il) in the aperture 

plane to the point (x, y) in output fibre plane, Z represents the area of 
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the aperture, and Z2 is the distance that the light propagates from the 

centre position of the aperture plane to the output fibre plane and is 35 

pm in our device. U is the complex optical wave function. Figures 6- 

8,6-9 and 6-10 are typical results of calculations using the Rayleigh- 

Sommerfield diffraction theory. From those images, we can see that 

the light in the aperture plane is cut by the symmetric shutter blades 

and changed to a narrow slit, and diffracted to the output fibre facet 

plane. 

d. After completing the calculations of step c, we obtain the intensity 

distribution at the output fibre facet plane. The proportion of light 

coupled from the output facet plane into the output fibre is represented 

as T and is determined by use of the mode-coupling method [1281. 

The mode coupling can be expressed as : 

T=1 ff U(x, y) - U, * (x, y)dxdyl , 
where, Uo (x, y) is the fundamental mode distribution of the output 
fibre. The simulated attenuation result due to the position change of 
the chopper blades is shown in Figure 6-11. Also in Figure 6-11 the 

attenuation of the double chopper blades is compared to that obtained 
if just a single blade had been used. It is clear that in a double blade 

arrangement, a much smaller deflection from the comb-actuator is 

required for each blade than for the single blade arrangement. This 

means that a lower operating voltage would be required for the double 

blade arrangement because of the smaller deflection needed. 
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Fig. 6-8. A is the light intensity in shutter plane, and B is light intensity in receiving 
fibre plane. In picture A, the frame dimension is from -15 uni to 15 uin. In picture 
B, the frame dimension is frorn - 20 uni to 20 urn. The color bar stands lor tile 
normalized intensity value. Two shutters are in the positioii of ± 4un-i 1rorn the 

center. Fig C is the cross section view of Fig B. 
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Fig. 6-9. A is the light intensity in shutter plane, and B is light intensity ill receiving 
fibre plane. In picture A, the frarne dimension is from -15 um to 15 u1n. In picture 
B, the firame dimension is from - 20 um to 20 um. The color bar stands for tile 
normalized intensity value. Two shutters are in the position of ± 2um troill tile 
center. Fig C is the cross section view of Fig B. 
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Fi(-,. 6-10. A is the light intensity in shutter plane, and B is light intensity in 
rcceivin2 fibre plane. In picture A, the frame dimension is frorn -15 urn to 15 urn. 
in picture B, the frame dimension is from - 20 urn to 20 urn. The color bar stands 
for the normalized intensity value. Two shutters are in the position of' ±I urn fi-orn 
the center. Fig C is the cross section view of Fig B. 

Chapter 6 157 



-8 
0 

-5 

--10 to 

0-20 

-25 

-30 

- 35 

-40 

-45 

-4 -2 046 

--*-single shutter 

A --a- double shutter 

-6 tii 

shutter position(pm) 

Flu. 6-11. Calculated attenuation caused by single shutter and double 
,. JmItt, r 

6.4. Fabrication process 

The choppers were tabricated at the commercial foundry MEMSCAP (North 

Carolina, USA) using their SOlMUMPs process [90]. Reactive ion etching is used to 

produce the devices in bonded silicon-on-insulator (13SOI) where the silicon layer is 

10 pin thick. A useful teature of the process is the back-etching ofthrough apertures 

which, in this work, enables us to closely position two optical fibres ill of-der to 

reduce overall loss. Further details of the fabrication process call be obtained from 

[90] and Appendix A. 33. Figure 6-12 shows a layout of the device design which was 

submitted to the fioundry, while Figure 6-13 shows a photornicrograph of' the 

microt'abricated device. The size of each shutter blade is 50 [fill by 100 pirl. 
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Fig. 6-12. Layout ofcomb drive actuator with shutters. 
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6.5. Experimental evaluation 

This consists of mechanical and optical testing of the device. 

6.5.1. Mechanical testing 

Mechanical testing involves static and dynamic testing of the device and is descibed 

in the following sections. 

6.5.1.1. Static testing of the comb drive actuator 

The displacement as a function of the driving voltage was measured while applying a 
d. c. voltage between the fixed comb finger array and the moving comb finger array. 
DC voltage from 0 to 48 volts was applied to the device and the blade displacement 

measured separately by observation under a high magnification microscope coupled 

to a high-resolution camera. Figure 6-14 shows the measured displacement of the 

comb drive actuator. The error bars in the experimental data show an uncertainty of 

± 0.4 pm in our measuring equipment. Figure 6-14 also shows a comparision of the 

measured data with results of the theoretical model and the FEM model mentioned 

above. The theoretical model is obtained from Equations (6.2) and (6.4). Equation 

(6.2) relates applied voltage to the lateral force F,,, while Equation (6.4) provides the 

spring constant K,,. The ratio of F. to K. yields the displacement which is plotted in 

Figure 6-14. The difference between the theoretical/FEM, model and experimental 

results are partly due to the variation of the fabricated dimensions of the structures. 

According to the foundry design rules, the thickness of the silicon structure has an 

uncertainty of ±I pm. Moreover, the width of the structures can be varied in 

different chips and processing runs. Bearing in mind the existence of these 

uncertainties, the match between theoretical and experimental results in Figure 6-14 

is very good. 
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Fig. 6-14. Voltage vs. displacement (experiment and theory). 

6.5.1.2. Dynamic testing using Roper Camera 

The frequency response of the device was obtained using a high-speed imaging 

camera (Roper Model 4540MX) that is coupled to an optical microscope. The 

fundamental mode of the device is in the plane of the chip and consequently, 

microscope-coupled laser Doppler systems which are optimised to measure out-of- 

plane deflections cannot be used. The Roper high speed camera, which the 

Strathclyde Group operates, can capture up to 44,000 frames per second. In this 

sequence of measurements, it was set to operate at 9000 frames per second which is 

above the expected resonant frequency of the device. The sequence of frames 

captured are played back and carefully analysed to determine the amplitude of 

deflection for each applied frequency. The measurements obtained are plotted in 

Figure 6-15 from where it is evident that the fundamental resonant frequency is 

around 3 kHz. The difference between the FEM and theoretical results comes from 
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the fact that tile forInUla used to calculate the resonating frequency (Equation 6.7) is 

all approximate I-ormula whose real usefulness is to confirm the results ofthe analysis 

obtained through tile FEM. Moreover, the fabricated structure will have small 

variations in dimensions leading to diflIerence between the measured and 

simulated/calculated results. The FEM result (3.3 kHz) is close to tile experimental 

result (3 kHz) as would be expected for a complex structure like tile chopper. The Q 

factor in air is around 0.47. The error bars show that our imaging system has all 

uncertainty of ± 0.4 [tin. Although no lifetime tests were conducted, the device was 
Ict't runnina for over 10 hours at 100 Hz without failure. 
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6.5.2. Optical testing 

Fig. 6-15. Dynamic behaviour ofthe chopper. 

The dies supplied were of' I cm sides and because ofthe etched hole thl-OLIgh the die, 

they %\ ere not ITIOLInted on conventional circuit boards. Instead, an optical test station 
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was set up Milch allowed the input and output single mode fibre to be aligned facing 

each other and with the chopper placed in the gap betvveen the fibre faces. A 

inicroscope was used to assist in the alignment of the fibres, and the test station used 

is sho\\n in Figure 6-16. 
Z, 

Single mode optical fibres transmitting light of 1550 nm wavelength and with 5.1 [till 

mode field diameter were used to test the performance of the chopper. The aperture 
t'ormed by the blades of the chopper is initially 20 [till, that is when tile voltage 

applied is 0 \olts. When the two shutter blades driven by the comb actuators each 
tra\ el 10 um the aperture is closed entirely. The driving voltage was monitored by a 

dwital oscilloscope. The light coupled to the output fibre Is detected by a 

photodetector and monitored by a different channel ofthe same oscilloscope. 

Microscope 
lens 

. 20 

sillcoll 

Chip 

Fibre 
holder 

Fig. 6-16. The optical testing setLIP lor the chopper. 

6.5.2.1 Static performance: 

The static optical pert , ormance is measured by applying a d. c. voltage to the device, I 
and measuring tile optical throughput at each voltage. In this mode the chopper 
functions as a miniaturised optical slit whose width is changed by application ot'd. c. 
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voltage. Figure 6-17 shows the results obtained. When the slit is fully closed, it 

would be expected that no light transmits through because although silicon is 

transparent at this wavelength, the blades are gold coated thus rendering the structure 

opaque. However, slight imperfections in the etching and squareness of the blades 

lead to the closed blades, though contacting, having the possibility of allowing some 
light through. Moreover, the deposition of gold might not be perfectly to the edge of 
the blade. Both these effects lead to a measured ON/OFF ratio of around 27dB. The 
intensity coupled from the input to the output fibre in the ON position was measured 

to be 72 %, corresponding -1.4 dB insertion loss. This is caused by the separation of 

the two fibre faces and any misalignments. Between 2V to 20V, the attenuation 

changes slowly because the shutters are in the edge of the light spot where the 

Gaussian beam distribution of the light spot has low intensity. Also from the 

previous testing of the comb actuator, the electrostatic voltage applied from 0V to 

around 20 V produces a displacement of each blade of 5 pm with a further 5 pm to be 

traversed by each blade. Increasing the electrostatic voltage from 20V to 34V results 
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Fig. 6-17. Static performance of chopper. 

in a rapid increase in attenuation as expected from this arrangement. In the OFF 

position, the power from the output fibre end was measured to be 0.12 %, 

corresponding - 29 dB attenuation. When the driving voltage is increased to around 
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40 V, the attenuation remains unchanged confirming that the chopper blades are fully 

closed. Comparison of experimental and theoretical results is shown in Fig. 5-18. - 

Fig. 6-18, Comparison of experimental and theoretical results. 

6.5.2.2 Dynamic response: 
The mechanical frequency response has been presented in section 6.5.1. Here, the 

dynamic response of the fibre optic chopper is obtained from optical measurements, 

as shown in Figure 6-19. A 0-28V square signal of 1000 Hz frequency (upper trace) 

was applied to the comb actuator, and the received power was detected by a 

photoreceiver and displayed on a digital oscilloscope (lower trace). In the rise cycle, 

the 0%- 90 % rise time was measured to be 90 gs, and 100 % to 10 % fall time was 

also measured to be 90 ps. 
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Driving signal 

Optical output 

Fig. 6-19. Dynamic response of the chopper captured from the oscilloscope. 

6.6. Conclusion 

A novel micromechanical optical chopper for use with optical fibre has been 

designed using a double-bladed shutter system actuated by an integrated comb drive 

actuator. A detailed design analysis has been performed of the entire microsystem 

taking into account the effect of several important factors. For the electro- 

mechanical modelling of the structure, the side instability of the comb actuator has 

been considered in particular to ensure that this effect does not limit the performance 

of the chopper. In the dynamic mechanical analysis, a simplified analytical model 
has been used to obtain the fundamental resonant frequency of the device. Optical 

modelling of the shutter system has been performed using the appropriate theory 

suited for the microsystern regime. Through this modelling, we have shown that a 
double bladed shutter system has advantages over a single bladed system in terms of 

the attenuation rate and driving voltage. Micromachined choppers using the above 

results as design factors were fabricated in bonded silicon-on-insulator (BSOI) at a 
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commercial foundry. Electro-mechanical experiments show that the comb drive can 

move 10 ýtm under 34V d. c., and the resonant frequency of the device is around 3 

kHz with Q factor of 0.47. These experimental measurements have a good fit with 
the theoretical analysis. Optical experiments have been performed using precisely 

aligned single mode fibres. It is shown from the optical measurements experiments 

that the attenuation of the chopper ranges from -1.4 dB to -29 dB (-1.4 dB is the 

insertion loss). The experiment has been compared with theoretical calculation, 

which is also presented. The dynamic response has also been observed through an 

oscilloscope showing rise and fall times of around 90 gs. 
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Chapter 7 

Conclusions 

7.1 Conclusion of this thesis 

Microactuators are important elements in miniature optical systems, since they are 

required to drive micro-parts such as shutters, mirrors and gratings to realize various 
functions. Electrically controllable microactuators such as electrostatic and 

electrothermal actuators give us good opportunities for integration into IC devices. In 

this thesis, several microactautors and optical microdevices incorporating 

microactuators have been investigated. 

We have investigated three different operating principle microactuators namely 

scratch drive actuator (SDA), electrothermal actuator and comb drive actuator. We 

found that the SDA can be designed to travel over a long distances (I mm), and 

supply large force (250 ±36 ýN for one plate SDA for 200 volts driving voltage). 
However, it is very sensitive to the surface properties, even a small particle could 
lead to failure of operation of the SDA. Also the SDA needs special post-processing 

to achieve bi-directional motion. Thermal actuator is a bi-directional actuator, but its 

displacement is rather small (10 gm for a traditional asymmetric actuator). Compared 

to the SDA, it occupies a big area, and makes the micro-device to be large. Comb 

drive is a non-contacting actuator, and no friction occurs during its movement. So it 

is suitable for a resonant structure, because it inherently has a low damping force and 

relatively high Q factor. The findings on these actuators are as follows: 

Three types of electro-thermal actuators (single beam buckling electrothermal, 

symmetric electrothermal and 'V' shaped electrothermal) have been theoretically 

analyzed for both thermal and mechanical characteristics. Heat transfer analysis was 

performed using simple conduction theory. Quantitative analysis has been performed 

showing detailed behaviour of three different thermal actuators. From these results, 

we can see that the asymmetric electrothermal actuator has linear deflection related to 
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input power, while deflections of single beam buckling and 'V' shaped are not 
linearly related to input power. An innovative design of the asymmetric thermal 

microactuator with a non-uniform hot beam is presented. The design yields higher 

deflection of the actuator. Both theoretical analysis and experimental testing have 

been undertaken to verify the idea. Several 240 gm hot-beam traditional asymmetric 

electrothermal actuators and 240 gm novel electrothermal actuators have been 

designed using PolyMUMPs. Comparison of novel and traditional actuators has been 

made both theoretically and experimentally. Experiments show the novel structure 
deflects more than 13 [im at high input power (- 40 mW) without being damaged, 

while the traditional design stops bending at 11.7 gm at lower power (- 34 mW). 

Scratch drive actuators (SDA) have also been studied in detail. Beginning with 
design and fabrication, an empirical comparison of the motion of SDAs formed on 
different substrates by the PolyMUMPs foundry process has been conducted. Results 

show variation in the motion of SDAs formed on different dies, but to the same 
design. The average velocity of SDAs is 37 ýtm/s, when the slider is on the 

polysilicon surface, and 24 gm/s, when the slider is on the nitride surface, when the 

driving frequency is the same (500 Hz). We attribute the variations to small 
differences in the surface characteristics of the deposited and etched layers and 

variations during post-processing release and storage of these devices. Whereas slight 

process variations of this kind are not significant in microelectronics, they can be 

more significant in MEMS where the behavior of a micro-electro-mechanical device, 

such as the scratch drive actuator, is determined by surface friction which can be 

made to vary by small differences in the properties of the layers of material from 

which the MEMS is fabricated. In order to model the motion of every step, then, the 

static analysis of the SDA plate bending has been undertaken. Depending on the 

value of the voltages applied, two modes are identified, namely non-contact and 

contact modes. The contact mode is very important for obtaining the relationship 
between applied voltage and step size. The theoretical expressions have been applied 

to our SDAs of fixed dimensions, although it is easy to expand this model to an SDA 

of any dimension. Experiments on static performance of the SDAs have been 

carefully performed using a Veeco NTIOOO Surface Profiling Tool. The theoretical 
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results have been compared to experimental measurements, with good agreement 
being obtained between the two. From the calculations, the step size of the SDA is 

around 10 nm at 60 V driving voltage, and from experiment, the step size of SDA is 

around 7 mn at 60 V driving voltage. These values compare favourably. Furthermore, 

the force characteristic of the SDA is of importance to know when we intend to 

incorporate the SDA into microsystems. Microsprings have been used to measuring 

the output force of the SDA. We assume the restoring force of microsprings is equal 

to force of the SDA. We obtained the extension of spring and spring constant, then 

convert it to force F by their product. Microsprings have been analysed by FEM 

using ANSYS. The ANSYS results of the spring constant compare very closely with 

the simple beam theory results of the spring constant. Scratch drive actuators with 
box-springs and different number of plates have been fabricated using the 

PolyMUMPs process. These SDAs have been experimentally analysed to determine 

their force generation. Forces of 250±36 pN for one plate SDA up to 850±36 pN 
for 4 plate SDAs have been estimated for 200 volts driving voltage. 

Apart from the actuators, we have developed two different types of light modulating 

systems. One is a micro-shutter that travels across the face of an optical fibre to close 

the light path making a variable optical attenuator. This device has been designed and 
fabricated using polysilicon surface micromachining (PolyMUMPs). The shutter is 

hinged and assembled out of the wafer plane. Another light modulating system 

consists of two shutters moving oppositely towards the center of the face of an 

optical fibre, and closing the light path making an optical chopper. This device has 

been designed and fabricated using SOI process (SOIMUMPs). The shutter and 

actuators are in the wafer plane. Through our research, we found that the device 

made by SOlMUMPs is superior to the device made by PolyMUMPs, because the 

SOI structure is thicker than polysilicon layer, so the device made by SOI is more 

robust and reliable than the device made by surface micromachined polysilicon. 

The PolyMUMPs variable optical attenuator mentioned above is powered by scratch 
drive actuators (SDA) and has been designed, analyzed, and characterized. Since 

SDAs have been studied in detail, the main conclusions reached are about self- 
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assembled shutter and optical performance of the device. Microhinges are employed 

to construct 3-D moveable microshutter. The principle of 3-D self-assembly using 

stress-induced beams has been applied to assemble this shutter. The major advantage 

of the self-bending beam is that it immediately assembles the 3-D structure 

automatically after the HF releasing process. There is no extra step or process to be 

implemented because the assembling beams are integrated into the structure design. 

The stress-induced beams can also be controlled by changing the temperature, 

because the two layers of the bimorph have a large difference of thermal expansion 

coefficients. A 400 pm bimorph beam array has been used to lift the 300 [tm x 300 

pm microshutter. The bending caused by initial stress has been calculated using 

traditional mechanical theory. Temperature dependence of the bimorph beam has 

also been analyzed. The size of the whole structure is 1.2 mm x 0.8 mm. An optical 

model has been built using diff-ractive theory, and the attenuation function has been 

obtained. Measurements of the variable optical attenuator show that the attenuation 

can be precisely controlled because the SDA has precise step size (measured 16 nm 

at 150 V driving voltage). The measured insertion loss is - 2.3 dB in open state and - 
36.5 dB in off state. 

The second light modulation microsystern is a micromechanical optical chopper for 

use with optical fibre which has been designed using a double-bladed shutter system 

actuated by an integrated comb drive actuator. The overall dimensions of the 

chopper, including the microactuators, and micro-mechanical suspension are 1200 x 

1200 pin making it very compact. A detailed design analysis has been performed of 

the entire microsystern taking into account the effect of several important factors. 

For the electro-mechanical modelling of the structure, the side instability of the comb 

actuator has been considered in particular to ensure that this effect does not limit the 

performance of the chopper. In the dynamic mechanical analysis, a simplified 

analytical model has been used to obtain the fundamental resonant frequency of the 

device. Optical modelling of the shutter system has been performed using the 

appropriate theory suited for the microsystem regime. Through this modelling, we 

have shown that a double bladed shutter system has advantages over a single bladed 

system in terms of the attenuation rate and driving voltage. Micromachined choppers 

Chapter 7 171 



using the above results as design factors were fabricated in bonded silicon-on- 
insulator (BSOI) at the MEMSCAP foundry. Electro-mechanical experiments show 

that the comb drive can move 10 gm under 34V d. c., and the resonant frequency of 

the device is around 3 kHz with Q factor of 0.47. These experimental measurements 
have a good fit with the theoretical analysis. Optical experiments have been 

performed using precisely aligned single mode fibres. It is shown from the optical 

measurements experiments that the attenuation of the chopper ranges from -1.4 dB to 

-29 dB. The dynamic response has also been observed through an oscilloscope 

showing rise and fall times of around 90 gs. 

7.2 Further work 

Through the above investigations, we find that SDA is one of the best actuators, 

since it can offer large force and long travel range. Unfortunately it only can be 

driven in a single direction when fabricated using PolyMUMPs. When bi-directional 

SDAs are required, extra insulator layers have to be fabricated to join opposite 

actuators together. The MEMSCAP foundry does not carry out this extra process. 
Further design or post-processing is required to overcome this problem. 

Thermal actuator driven stepping motor is another direction of further work, because 

this device can move in both directions and over long distance (theoretically). 

In high temperature regime, the properties of the polysilicon will be changed; the 

traditional approach of increasing electric current and temperature to increase the 

deflection of thermal actuators cannot be used. A further investigation both from 

experimental and theoretical point of view needs to be done for other electrothermal 
designs. 

In optical MEMS, quite successful prototypes such as the VOA and the Fibre Optic 

Chopper have been achieved in this thesis. Further work should concentrates on the 

integrating the driving circuit and different optical components together to achieve 

complete 'Optical-system-on-a-chip'. 
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Appendix A: Nlulti-User MEMS Process (MUMPs) 

A. 1 Reasons for using foundry processes 

Microfabrication of MEMS is mainly based on IC process, therefore it needs a lot of 
facilities such as furnace, mask aligners, plasma etching systems, and metalization 

equipment and so on. These facilities are costly and require to be situated inside 

clean rooms. Commercial foundry based fabrication of MEMS enables research 

groups and small companies without their own in-house microfabrication facilities to 

participate in exploiting the advantage of MEMS technology without having to incur 

the very significant costs of installing and maintaining their own facilities to the high 

standards required to obtain reliable and repeatable processes. The use of commercial 
foundries for MEMS fabrication follows the well established approach in the domain 

of microelectronics manufacture where microelectronic systems are designed in one 

part of the world and fabricated wherever an appropriate foundry is available that 

offers the required processes at competitive costs. Invariably this trend will emerge in 

the field of commercial MEMS, and foundries will be selected on the basis of the 
fabrication processes that they offer. MEMS foundries can provide quick response 
for the reason that the processes are well-organized and mature. 

In using multi-user foundry services, such as the well-known MUMPS family of 

processes, MEMS designers have to be both innovative and ingenious with their 

designs because the foundry's design rules are fixed for all users alike. 

We have submitted our designs to the foundries as appropriate, and the fabricated 

microsystems have been returned to us for experimental evaluation/testing. In our 

research, we have used Polysilicon surface micromachining process - PolyMUMPs 

and Silicon On Insulator process - SOIMUMPs (MUMPs - Mutli User MEMS 

Process). Both processes are undertaken the in USA and belong to MEMSCAP Inc 

M. 

A. 2 Introduction to PolyMUMPs 
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PolYMUMPs is a polysilicon surface micromachining process. It uses polysilicon as 
structural material and Si02 as the sacrificial layer. Three polysilicon layers, two 

sacrificial oxide layers, one metal layer and one silicon nitride layer are available. 

The process defines all the layer thicknesses and their functions. All MEMS 

designers have to follow these definitions and design rules. These definitions and 
design rules make it possible for many different designs to be put together in one 

single fabrication process. Also, the standardization of the fabrication process 

reduces the fabrication cost and lets more and more designers submit their designs. 

Table A- I shows the main definitions of layers in PolyMUMPs process and a brief 

introduction of each layer's function [1]. 

Table A-1, MUMPs process layers and their properties. 

Material Layer Nominal Thickness Lithography level 

name 

Function 

Silicon Nitride 0.6 gm Insulator 

Polyo 0.5 [im PolyO and holeO Conductive layer 

First Oxide 2.0 gm Dimple Reduce friction 

First Oxide 2.0 gm Anchor I Fix polyl 
Poly 1 2.0 gm Poly I and hole I Structural layer 

Second Oxide 0.75 [irn Poly I -poly 2-via Connection with 

poly I and poly 2 

Second Oxide 0.75 grn Anchor 2 Fix poly 2 

Poly 2 1.5 gm Poly 2 and hole 2 Second structural 
layer 

Metal 0.5 grn Metal and metal 
hole 

Conductive layer, 

bonding pad, 

mirror surface etc. 
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The PolyMUMPs process begins with 100 mm. n-type silicon wafers. In order to 

prevent or reduce charge feed through to the substrate from electrostatic devices on 

the surface, these wafers are first heavily doped with phosphorus. Next, a 600 nm 
low-stress silicon nitride is deposited on the wafers, which normally is used as 
insulator. After that a 500 nm polysilicon film (PolyO) is deposited. This is followed 

directly by the patterning through photolithography, a process that includes coating 

of wafers with photoresists, exposure of photoresist with the appropriate mask and 
developing exposed photoresists to create the desired etch mask for subsequent 

pattern transfer into the underlying layer. After patterning the photoresist, the Poly 0 

layer is then etched in a special system. 

A 2.0 jim phosphosilicate glass (PSG) layer (first sacrificial layer - Ox I) is deposited 

and annealed. This layer can be used to free the first polysilicon layer after final 

releasing step. The sacrificial layer can be patterned and etched with mask such as 
Dimple and Anchor 1. After that, the first structural layer - poly I is deposited at a 

thickness of 2.0 [im. The poly I is then patterned using a mask to form the first 

structural layer. After Poly I is etched, a second oxide layer is deposited and 

annealed. The second oxide layer can be patterned and etched using two masks: Poly 

I-Poly 2_Via and Anchor 2, with different objectives. The Poly I-Poly 2_Via level 

offers the mechanical and electrical connection between Poly I and Poly 2 layers. 

The Anchor 2 level is used to anchor the poly 2 layer directly down to the poly 0 or 

silicon nitride layer. 

After etching the Oxide 2, another polysilicon layer is deposited with the thickness of 

1.5 ýtm. Poly 2 layer is patterned by mask Poly 2 to form the structure. A 0.5 Pm 

metal layer is final deposited layer in the PolyMUMPs process. It provides bonding, 

probing, electrical routing, and highly reflective mirrors. The metal layer is then 

patterned and etched using the mask called Metal. Finally, the wafer is released in 

HF solvent. The releasing process is as follows: First, immersing the wafer into the 

acetone for 3 minutes, and then into De-ionized (DI) water for 30 seconds. These two 

steps can strip photoresist off. After that, chips are put in the 49 % HF solvent for 1.5 

-2 minutes to etch the oxide away. This is followed by several minutes in DI water 
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and thcri alcohol for 2 minutes to reduce friction followed by at least 10 minutes in 

an oven at 1100 C. Figure A- I shows the process flow. Figure 33-2 shows the example 

device fabricated Lising PolyMUMPs. 

Nitride 

Fig. A- I (a). Add nitride. 
Polyo 

Nitride 
Fig. A- I (b). Add PolyO. 

Polyo 1101yo 
Etch 

Fig. A- I (c). Patterning through I st level mask (PolyO) usim, 
Photolithography, Removal of Unwanted PolyO using Reactive lon Etching. 
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Dimples 
Anchor I 

Anchor I Etch 
Etch 

I st Oxide 

Fig. A- I (d). FiFSt oxidc deposition and etching using masks (Dimple, 
Anchorl). 

PSG 

/ 
I st oxide 

Fit". A- I (e). Polysilicon (Po)y 1) deposition, following by oxide deposition and 
annealing. 

Polyl Poly I L- 

I st Oxide 1101y I 

Fig. A- I (t). Patterning through mask (Poly I) using Photolitho-aphy and 
Deep RIE. 
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2nd 
PI_P2_Vi PI 

-P2-V a a 

I st oxide 

A-I Second oxide deposition and etching using mask 111 112 via. 

Anchor 2 
Etch 

i. H 
Fig. A- I (h). Anchor 2 etching. 

/ 
Poly2 etch 

I... 

I 
il 

Fig. A- I (i). Poly2 deposition and etching using mask - Poly2. 

Appendix A 190 



Metal 

Fi, -,. A-I (j). Metal deposition and etching using mask - Metal. 

ýlalor 

Hub 
Mew 

I 

Mcta 

Poly 

A- I (k). Release ot'structures using HF. 
Finished device: motor 
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Fig. A-2. Fxanlples of'Stratliclyde devices fabricated by PolyMUMPs. Device on the left is a 
SDA erected micromin-or, device oil the right is a self-asserribled microshutter driven by 

SDA. 

A. 3 Introduction to SOINIUNIPs 

SOIMIJMPs, a silicon-on-insulator micrornachining process, is designed t'()r gencral 

purpose micrornachining of' Silicon-on-Insulator (SOI) structures [I]. The thickness 

ofthe silicon layer is 10 ±I pin, which is normally the structural layer. Oxidc layer 

has the function of insulation between silicon and bulk substrate, and has thickness of' 

I±0.05 pin. The thickness ol'the substrate is around 400± 5 pin. 

The process begins xvith a 100 mrn ii-type double-side silicon on insulator wat'ers. 

Theses NN a 1ers have a 10 pin si I icon layer, aI pin oxide layer, and a 400 pin substrate 

layer. First ofall, the silicon is patterned with first mask level, SOI, and etched. Next, 

a protection material is deposited on the front flace, and then patterning the back side 

of the waller using tile second mask level, TRFNCH. A DRIE etching is used to etch 

these featt-IIVS completely through the substrate layer. The YlF releasing process is 

1'611mýed and silicon structures on top of the trench hole arc completely released. 

Finally, the metal layer, consisting of' 50 nin Cr+ and 600 nin ALI, is deposited and 
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patterned Lising, shadow masking technique. The wafers are then diced Using a scribe 

and brcak nictliod. 

Figure A-33 shows process flow of SOIMUMPs. Figure 3-4 shows the example device 

fabricated LISIIIý. ' SOIMUMPS. 

Fig. 3-3 (a). Starting Substrate - SOI wal-er 

Fig. 3-3 (b). Patterning top silicon. Mask level: SOI 

Fig. 33-3 (c). Patterning bottom substrate. Mask level: 
TRENCH 
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- 

- 

Fig. 3-33 (d). Patterning metal using shadow mask. Mask 
level: Blanket METAL 

____ -- 

Fig'ý. 3-3) (e). Final step: shadow mask removed 

SIII Wl I Substrate Bottom Oxide Shadow Mask 

Oxide 

I 

Metal Frontside Protection Material 

Appendix A 194 



I.. --IN 0 or" 

Fig. 3-4. Example Strathclyde device (Tiltable micromirror actuated by vertical ,n 
thermal actuator) fabricated by SOIMUMPs. 

Reference: 

1. MEMSCAPInc, li.; oý 
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Appendix B: Simulation results of SDA plate bending using IntelliSuite Software, 

the dimensions of SDA plate has been shown in main text. 

The results from IntelliSuite. The colours represent the different Z-axis 
displacements due to different applied voltages. 
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lie results from IntelliSuite. The colours represent the different Z-axis 
displacements due to difTerent applied voltages. 

Appendix B 197 



The results from IntelliSuite. The colours represent the different Z-axis 
displacements due to different applied voltages. 
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The results from IntelliSuite. The colours represent the different Z-axis 
displacements due to different applied voltages. 
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Appendix C: 

SEM pictures ot'devices operated using SDAs 

1. %licromirror crected by SDA array. 

I Micromirror lifted up by four SDA arrays. 

pow mwj 

1 240 
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3'. MicroSlILItter driven by SDA array. 

Micro shutter driven by SDA array. 
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Appendix D: 

LaNotits for novel and traditional thernial actuators 

11 1- 2111 

III E01 

E 
D 

Appendix 1) 

ca00ý0a0d 

I 

I Mý D-, 
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Appendix E: 

Images from testim-, novel and traditional thermal actuators 

I- DC I- I-' V is applied to both structures. 

TV :. -" 
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I DC 4.4 V is applied to both structures. 

1_JE- 
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3 3. DC 7.4 V is applied to both structures. 
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4. DC 4.4 V is applied to both structures. 
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Appendix F: 

Measurements of Stress-induced beam under different temperatures. 

In Figure F-1, the temperature of the device has been set to 20 Celsius (room 

temperature), and the deflection of the beam tip is measured to be around 16.6 pm. In 

Fig. F-2, the temperature of the device has been set to 10 Celsius, and the deflection 

of the beam tip is measured to be around 21.6 pim. Fig. F-3 shows the beam tip 
deflection at 30 Celsius; the deflection of the tip of bimorph beam has decreased to 
8.4 pm. Fig. F-4 shows the beam is flat when the temperature is 55 Celsius. The 

expansion theoretical deflections of the tip at these four temperatures are 16.6 gm, 
23.3,10.4 lim, and -5.7 lim respectively. Through this experiment, the tip of the 
beam can be adjusted by changing the temperature. 
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(3) 

U TI 

Fig. F- I: The temperature is set to be 20 OC (room temperature), and temperature 
change is 0 K. Measured detlection is 16.6 pin and thcoretical detlection 

is 17 pin from figure 11. 
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2 LI I 

-10, 

U Mi 

N) 

3 

ur6 

Fig. F-2: The temperature is set to be 10 T, and temperature change is 

-10 K. Measured detlection is 2 1.6 pin and theoretical 
detlection is 23.3 wn from 1-1(, ure 11. 
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1 i: ': 

II 
Ij M 

II 

k 246,7 um 
10 

j 
y um y 10 0 um 

11 
( X, 576.7 um 

Yý 16 um 

'Wo 3,5 G 400 450 500 550 

Co 

um 

hu. F-33: The temperature is set to be 330 "C, and temperature change is 
10 K. Measured detlection is 8.4 pm and theoretical deflection 

is 10.4 pm fi-om figure 11. 
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lCII-I 

M-ý! Mw UM -7- 

ýCllj 0 -11-1 1-1 4-- 

cm 

Fl,. F-4: The temperature is set to be 55 T, and temperature cliall-e is 35 K. 
Measured detlection is 0 pm and theoretical dellcctloil is -5.7 pin from 
1-11-'Lire 11. 

um 
0 
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Appendix G: 

Matlab script for optimising the structure of the novel asymmetric thermal 

actuators. 

%June 2002. (Lijie) 

%) **************** ** **** ** **************** 

%This program for calculating the relationship between tý 1-9 
%W and Trm in certain length. where W is the width of the 

%central part of the hot beam. Trm is the minimum value of Tr (Tmax/Tav). 

%L is the length. 

%ivl is the width of other part of hot beam, which is fixed to be 2 um. 
% Pa I =L I/L; Pa2= L2/ L; (0- 1). 

0/ ******************* ** ******** ** ******** 

w2=le-6; 

for xx=1: 10 

w2--w2+le-6; 
Pal=-0.01; 

for m=1: 101 

Pal=Pal+0.01; 

Pa2=-0.01; 

for n=1: 101 

Pa2=Pa2+0.01; 

TO=20; 

U=15000; 

k=50; 

r--22e-6; 
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I=7e-3; V2=V*R2/(RI+R2+R3+R4+R5); 

V3=V*R3/(RI+R2+R3+R4+R5); 

wl=2e-6; % variable,.,, idt h of,. %ider V4=V*R4/(RI+R2+R3+R4+R5); 

beam V5=V*R5/(RI+R2+R3+R4+R5); 

%, *v2=3.5e-6, 
w3=wl; ml=(U*Pl/(Al*k))^(1/2); 

w4=22e-6; %wide beam width m2=(U*P2/(A2*k))A(1/2); 

W5=W1; m3=(U*P3/(A3*k))A(1/2); 

t--2e-6; m4=(U*P4/(A4*k))A (1/2); 

m5=(U*P5/(A5*k))A (1/2); 

Al=t*wl; 

A2=t*w2; 

A3=t*w3; 

A4=t*w4; 

A5=t*w5; if PalýO & Pa2-0 & Pal+Pa2<1 

L--240e-6; 

Ll=Pal*L; 'Yo variable length of c=exp(m2*(Ll+L2)); 
thin beam d=exp(m3*(LI+L2)); 

L2=Pa2*L; % variable length of e=exp(m3*(Ll+L2+L3)); 

wide beam f=exp(m4*(LI+L2+L3)); 

L3=L-Pal*L-Pa2*L; g--exp(m4*(Ll+L2+L3+L4)); 
L4=2001240*L; h=exp(m5*(Ll+L2+L3+L4)); 

k=exp(m5*(LI+L2+L3)*2); 

Rl=r*Ll/Al; 

R2=r*L2/A2; TO=20; 

R3=r*L3/A3; T02=TO+(V2"2)/(U*P2*R2*L2); 

R4=r*L4/A4; T03=TO+(V3A 2)/(U*P3*R3*L3); 

R5=r*(LI+L2+L3-L4)/A5; T04=TO+(V4 A 2)/(U*P4*R4*L4); 

T05=TO+(V5 A 2)/(U*P5*R5*(Ll+L2+L3-L4)); 

PI=2*(wl+t); 

P2=2*(w2+t); %syms a 1) cdefgbk ml [n2 m3 m4 m5 TO 

P3=2*(w3+t); TOI T02 T03 T04 TO-5, 

P4=2*(w4+t); A=11 10 0000O; c l/c A -1/d 000O; c -1/c - 
P5=2*(w5+t); m3*w3/m2lw2*d m3*w3/m2/iv2/d 0000; 0 0e 

1/e -f -1/f 0 0; 0 0e -1/e -m4*w4/m3/w3*f 
V=I*(RI+R2+R3+R4+R5); m4*w4/m3/w3/f 0 0; 0 000g I/g -h -1/h; O 0009 

-1/g -m5*w5/m4/w4*h m5*w5/m4/w4/h; O 0000 

VI=V*Rl/(RI+R2+R3+R4+R5); 0k l1k]; 
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B=ITO-TO2; TO3-TO2; 0; TO4- 

T03; 0; TO5-TO4; 0; TO-TO51; 

C=A^(-I); 

D=C*B; 

C3=11 000000 01*D; 

C4=10 10 0000 01*D; 

C5=10 0 10 000 01*D; 

C6=10 00 10 00 01*D; 

C7=10 000 10 0 01*D; 

CS=[O 0000 10 01*D; 

C9=[O 000001 01*D; 

C10=[O 000000 ll*D; 

x2=Ll: 2e-6: (LI+L2); 

T2=TO2+C3*exp(m2*x2)+C4*exp(- 

m2*x2); 

x3=(Ll+L2): 2e-6: (LI+L2+L3); 

T3=TO3+C5*exp(m3*x3)+C6*exp(- 

m3*x3); 

x4=(Ll+L2+L3): 2e- 

6: (Ll+L2+L3+IA); 

T4=TO4+C7*exp(m4*x4)+C8*exp(- 

m4*x4); 

x5=(Ll+L2+L3+L4): 2e- 

6: (Ll+L2+L3)*2; 

T5=TO5+C9*exp(m5*x5)+CIO*exp(- 

M5*x5); 

Tavh=(2e-6*sum(T2)+2e- 

6*sum(T3))/(Ll+L2+L3)-TO; 

Tavc=(2e-6*sum(T4)+2e- 

6*sum(T5))/(Ll+L2+L3)-TO; %cold 

bearn and flexture bearn average tý 
tempereture: 

Tav--Tavh-Tavc; 

Appendix G 

T=IT2 T3 T4 T5]'; 

Tmax=maxM; 

Tr(m, n)=Tmax/Tav; 
if Tav<O 

Tr(m, n)=inf; 

end 

c1scif Pa2ýO & Pal-O & Pal+Pa2<1 

a=exp(ml*Ll); 

b=exp(m3*Ll); 

e=exp(m3*(LI+L2+L3)); 

f=exp(m4*(Ll+L2+L3)); 

g=exp(m4*(Ll+L2+L3+L4)); 

h=exp(m5*(Ll+L2+L3+L4)); 

k=exp(m5*(Ll+L2+L3)*2); 

TO=20; 

TOI=TO+(Vl ^2)/(U*Pl *Rl *Ll); 

T03=TO+(V3 A 2)/(U*P3*R3*L3); 

T04=TO+(V4 A 2)/(U*P4*R4*L4); 

T05=TO+(V5A2)/(U*P5*R5*(Ll+L2+L3-L4)); 

%osyms abcdefghk ml m2 m3 m4 m5 TO 

TOI T02 T03 T04 T05 

Aa=ll 10 0000O; a 1/a -b -1/b 000O; a -1/a - 
m3*w3/ml/wl*b m3*w3/ml/wllb 0000; 0 0e 

1/e -f -1/f 0 0; 0 0e -1/e -m4*w4/m3/w3*f 
m4*w4/m3lw3/f 0 0; 0 000g 1/g -h -I/b; O 000g 

-1/g -m5*w5/m4lw4*h m5*w5/m4/w4/h; O 0000 

0k 1/kl; 

Bb=[TO-TOI; TO3-TOI; O; TO4-TO3; 0; TO5- 

T04; 0; TO-TO51; 

Cc=Aa^(-l); 

Dd=Cc*Bb; 

C11=11 000000 0]*Dd; 

C22=10 10 0000 01*Dd; 
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C55--[O 0 10 000 01*Dd; end 

C66=10 00 10 00 01*Dd; 

C77=[O 000 10 0 01*Dd; 

C88=10 0000 10 01*Dd; clseif Pal+Pa2ý1 & Pal-O & Pa2-0 

C99=[O 000001 01*Dd; 

C100=10 000000 ll*Dd; 

a=exp(ml*Ll); 

xl=0: 2e-6: Ll; b=exp(m2*Ll); 

Tl=TOI+Cl I*exp(ml*xl)+C22*exp(- c=exp(m2*(Ll+L2)); 

ml*xl); d=exp(m4*(Ll+L2)); 

g--exp(m4*(Ll+L2+L3+IA)); 

x3=(Ll+L2): 2e-6: (Ll+L2+U); h=exp(m5*(Ll+L2+L3+IA)); 
T3=T03+C55*exp(m3*x3)+C66*exp(- k=exp(m5*(Ll+L2+L3)*2); 

m3*x3); 

TO=20; 

x4=(Ll+L2+L3): 2e- TOI=To+(VJA 2)/(U*Pl*RI*Ll); 
6: (Ll+L2+L3+L4); T02=TO+(V2A 2)/(U*P2*R2*L2); 
T4=TO4+C77*exp(m4*x4)+C88*exp(- T04=TO+(V4A 2)/(U*P4*R4*IA); 

m4*x4); T05=To+(V5A2)/(U*P5*R5*(LI+L2+L3-L4)); 

x5=(Ll+L2+L3+L4): 2e- %syms abcdefghk nil m2 m3 m4 mi'1*0 
6: (LI+L2+L3)*2; TO I T02 T03 T04 T05 

T5=TO5+C99*exp(m5*x5)+ClOO*exp(- A=11 10 0000O; a I/a -b -1/b 000O; a -1/a - 
m5*x5); m2*w2/ml/wl*b m2*w2/mI/wI1b 0000; 0 0c 

1/c A -1/d 0 0; 0 0c -1/c -m4*w4/m2/w2*d 
Tavh=(2e-6*sum(Tl)+2e- m4*w4/m2/w2/d 0 0; 0 000g I/g -h -1/h; O 000g 

6*sum(T3))/(Ll+L2+W)-TO; -1/g -m5*w5lm4/w4*h m5*wS/m4lw4/h; O 0000 

Tavc=(2e-6*sum(T4)+2e- 0k Ilk]; 

6*sum(T5))/(Ll+L2+L3)-TO; %cold B=[TO-TOI; TO2-TOI; O; TO4-TO2; 0; TO5- 

beam and flexture beam average 15 T04; 0; TO-TO51; 

tempereture; C=A^(-l); 

Tav--Tavh-Tavc; D=C*B; 

T=ITI T3 T4 T51'; Cl=[l 000000 01*D; 

Tmax=maxM; C2=[O 10 0000 01*D; 

Tr(m, n)=Tmaxffav; C3=[O 0 10 000 01*D; 

C4=10 00 10 00 01*D; 

if Tav<O C7=10 000 10 0 01*D; 

Tr(m, n)=inf, C8=[O 0000 10 01*D; 
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C9=10 000001 01*D; 

C10=10 000000 11*D; a=exp(ml*Ll); 
b--exp(m4*Ll); 

xl=0: 2e-6: Ll; g--exp(m4*(Ll+L2+L3+L4)); 

Tl=TOI+Cl*exp(ml*xl)+C2*exp(- h=exp(mS*(Ll+L2+L3+IA)); 

ml*xl); k-eip(m5*(Ll+L2+U)*2); 

x2=Ll: 2e-6: (LI+L2); TO=20; 

T2=TO2+C3*exp(m2*x2)+C4*exp(- TOI=TO+(VI^2)/(U*PI*RI*Ll); 

m2*x2); T04=TO+(V4 A 2)/(U*P4*R4*lA); 

T05=TO+(V5 A 2)/(U*P5*R5*(Ll+L2+U-IA)); 

x4=(Ll+L2+L3): 2e- 

6: (LI+L2+L3+L4); %syms abc (I efghk in I m2 m3 m4 m5 TO 
T4=T04+C7*exp(m4*x4)+C8*exp(- TO I TO 2 TO3 T04 T05 

m4*x4); A=11 10 00O; a I/a -b -1/b 0 O; a -1/a - 
m4*w4/ml/wl*b m4*w4/mlhvl/b 0 0; 0 0g I/g - 

x5=(LI+L2+L3+L4): 2e- h -1/h; O 09 -1/g -m5*w5/m4/w4*h 
6: (Ll+L2+L3)*2; m5*w5lm4/w4th; O 000k I/kj; 
T5=TO5+C9*exp(m5*x5)+CIO*exp(- B=ITO-TOI; TO4-TOI; O; TO5-TO4; 0; TO-TOSI; 

m5*x5); C=A"(-l); 

D=C*B; 

Tavh=(2e-6*sum(Tl)+2e- 

6*sum(T2))/(LI+L2+L3)-TO; 

Tavc=(2e-6*sum(T4)+2e- 

6*sum(T5))/(Ll+L2+L3)-TO; %cold 

beam and I'lexture beam aNcrage 

tempereture; 

C1=11 0000 01*D; 

C2=10 10 00 01*D; 

C7=10 0 10 0 01*D; 

C8=10 00 10 01*D; 

C9=10 0001 01*D; 

C10=10 0000 ll*D; 
Tav--Tavh-Tavc; 

T=ITI T2 T3 T4 T51'; xl=0: 2e-6: Ll; 

Tmax=max(T); TI=TOI+Cl*exp(ml*xl)+C2*exp(-nil*xl); 

Tr(m, n)=Tmaxfrav; 

X4=(LI+L2+U): 2e-6: (LI+L2+L3+L4); 

if Tav<O T4=T04+C7*exp(m4*x4)+C8*exp(-ni4*x4); 

Tr(m, n)=inf, 

end x5=(LI+L2+1,3+LA): 2e-6: (LI+L2+L. 3)*2; 

T5-TO5+C9*exp(mS*15)+Clo*exp(-rn5*x5); 

e1scif Pal==l & Pa2==O 
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Tavh=(2e-6*sum(Tl))/(Ll+L2+13)- 0; 0 0g I/g -h -1/h; O 0g -jig -mS*wSlm4/w4*b 

TO; m5*w5/m4/%v4/h; O 000k I/kj; 

Tavc=(2e-6*sum(T4)+2e- B=ITO-TOI; TO2-TOI; O; TO3-TO2; 0; TO4- 

6*sum(T5))/(Ll+L2+L3)-TO; %cold T03; 0; TO5-TO4; 0; TO-TO51; 

beam and flexture beam average C=A^(-I); 

tempereture, D=C*B; 

Tav--Tavh-Tavc; 
C3=11 0000 01*D; 

0/., the maximum temperature of the C4=10 10 00 01*D; 

hot beam. C7=10 0 10 0 01*D; 

C8=10 00 10 01*D; 

T=[TI T4 T51'; C9=10 0001 01*D; 

Tmax=maxM; CIO=[O 0000 ll*D; 

Tr(m, n)=Tmax/Tav; 

if Tav<O x2=LI: 2e-6: (LI+L2); 
Tr(m, n)=inf, T2=TO2+C3*exp(m2*x2)+C4*exp(-m2*x2); 

end 

x4=(LI+L2+U): 2e-6: (LI+L2+U+LA); 

T4=TO4+C7*exp(m4*x4)+C8*exl)(-m4*x4); 

elseif Pa2==l & Pal==O 

x5=(LI+L2+L3+LA): 2e-6: (LI+L2+L3)*2; 
T5=TO5+C9*exp(m5*xS)+CIO*cxp(-mS*xS); 

c=exp(m2*(LI+L2)); 

d=exp(m4*(LI+L2)); Tavh=(2e-6*sum(T2))/(LI+L2+L. 3)-TO; 

g--exp(m4*(LI+L2+L3+IA)); Tavc=(2e-6*sum(T4)+2e- 

h=exp(m5*(Ll+L2+L3+L4)); 6*sum(T5))/(LI+L2+L3)-TO; 06cold beamand 
k=exp(m5*(LI+L2+L3)*2); flexture beam am-agge temperettire; 

Tav--Tavh-Tavc; 

TO=20; 

T02=To+(V2 A 2)/(U*P2*R2*L2); % (lie maximum (emperature of file hot be'lill- 

T04=TO+(V4^2)/(U*P4*R4*LA); 

TOS=TO+(V5 A 2)/(U*P5*R5*(LI+L2+L T-IT2 V T511; 

3-L4)); Tmax-maxM; 

Tr(m, n)-Tma%ITsv; 
%sý. Ins, j bc (I efg, hk nj I m2 W m4 

M5 TO TO I T02 T03 T04 TO-5 ifTav<O 

A=11 10 00O; c I/c -d -1/d 0 O; c -1/c - Tr(mm)-inro 

m4*w4/m2/w2*d m4*w4/m2/w2/d 0 end 
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ciscif PalýO & Pa2ýO 

e=exp(m3*(Ll+L2+L3)); 

f=exp(m4*(Ll+L2+L3)); 

g--exp(m4*(Ll+L2+L3+L4)); 

h=exp(m5*(Ll+L2+L3+L4)); 

k=exp(m5*(LI+L2+L3)*2); 

TO=20; 

T03=TO+(V3^2)/(U*P3*R3*L3); 

T04=TO+(V4^2)/(U*P4*R4*L4); 

T05=TO+(V5 A 2)/(U*P5*R5*(LI+L2+L 

3-L4)); 

'Vosynis abcdefghk ail m2 m3 m4 

m5 TO TOI T02 T03 T04 T05 

A=[I 10 00O; e 1/e -f -1/f 0 O; e -Ile - 
m4*w4/m3/w3*f m4*w4/m3/w3/f 0 0; 0 

0g 1/g -h -1/h; O 0g -1/g - 
m5*w5/m4/w4*h m5*w5/m4/w4/h; O 0 

00k 1/kl; 

B=[TO-TO3; TO4-TO3; 0; TO5-TO4; 0; TO- 

T051; 
C=AA(-l); 

D=C*B; 

C5=[l 0000 0]*D; 

C6=[O 10 00 01*D; 

C7=10 0 10 0 01*D; 

C8=[O 00 10 01*D; 

C9=[O 0001 01*D; 

C10=10 0000 ll*D; 

x3=(Ll+L2): 2e-6: (Ll+L2+L3); 

T3=T03+C5*exp(m3*x3)+C6*exp(- 

m3*x3); 
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x4=(Ll+L2+L3): 2e-6: (Ll+L2+L3+L4); 

T4=T04+C7*exp(m4*x4)+C8*exp(-m4*x4); 

x5=(LI+L2+L3+L4): 2e-6: (LI+L2+L3)*2; 

T5=TO5+C9*exp(m5*x5)+ClO*exp(-m5*x5); 

Tavh=(2e-6*sum(T3))/(LI+L2+L3)-TO; 

Tavc=(2e-6*sum(T4)+2e- 

6*sum(T5))/(Ll+L2+L3)-TO; %cold beam and 
flexture beam average tempereture; 
Tav--Tavh-Tavc; 

% the maximum temperature of the hot beam, 

T=[T3 T4 T51'; 

Tmax=max(T); 

Tr(m, n)=Tmax/Tav; 

if Tav<O 
Tr(m, n)=inf, 

end 

elseif Pal+Pa2<1 & Pal-O & Pa2-0 

a=exp(ml*Ll); 
b=exp(m2*Ll); 

c=exp(m2*(LI+L2)); 

d=exp(m3*(LI+L2)); 

e=exp(m3*(LI+L2+L3)); 
f=exp(m4*(LI+L2+L3)); 

g=exp(m4*(LI+L2+L3+L4)); 
h=exp(m5*(Ll+L2+L3+L4)); 

k=exp(m5*(LI+L2+L3)*2); 

TO=20; 

TOI=TO+(VlA2)/(U*PI*RI*Ll); 
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T02=TO+(V2A2)/(U*P2*R2*L2); 

T03=TO+(V3 A 2)/(U*P3*R3*L3); 

T04=TO+(V4 A 2)/(U*P4*R4*IA); 

T05=TO+(V5 A 2)/(U*P5*R5*(LI+L2+L 

3-L4)); 

'Yosyms a 1) cdefghk ml m2 m3 nA 

m5 TO TO I T02 T03 T04 T05 

A=11 100000000; al/a-b-lAbOOO 

00O; a -1/a -m2*w2/ml/wl*b 

m2*w2/ml/wl/b 000000; 0 0c l/c -d 

-1/d 0000; 0 0c -1/c -m3*w3/m2/w2*d 

m3*w3/m2/w2/d 0000; 0 000e 1/e -f 

-1/f 0 0; 0 000e -1/e -m4*w4lm3lw3*f 

m4*w4/m3/w3/f 0 0; 0 00000g 1/g -h 

-1/h; O 00000g -1/g - 

mS*w5/m4/w4*h m5*w5/m4/w4/h; O 0 
000 00 0k 1/kl; 

B=ITO-TOI; TO2-TO1; 0; TO3- 

T02; 0; TO4-TO3; 0; TO5-TO4; 0; TO-TO51; 

C=A^(-I); 

D=C*B; 

Cl=[l 00000000 01*D; 

C2=[O 10 000000 01*D; 

C3=10 0 10 00000 01*D; 

C4=10 00 10 0000 01*D; 

C5=10 000 10 000 01*D; 

C6=10 0000 10 00 01*D; 

C7=10 00000 10 0 01*D; 

C8=10 000000 10 01*D; 

C9=[O 00000001 01*D; 

CIO=[O 00000000 ll*D; 

xl=0: 2e-6: Ll; 

TI=TOI+Cl*exp(ml*xl)+C2*exp(- 

ml*xl); 

x2=LI: 2e-6: (Ll+L2); 
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T2=TO2+C3*exp(m2*x2)+C4*exp(-m2*x2); 

x3=(Ll+L2): 2e-6: (Ll+L2+L3); 

T3=T03+C5*exp(m3*x3)+C6*exp(-m3*x3); 

x4=(Ll+L2+L3): 2e-6: (Ll+L2+L3+1-A); 

T4=TO4+C7*exp(m4*x4)+C8*exp(-m4*x4); 

x5=(Ll+L2+L3+L4): 2e-6: (LI+L2+L3)*2; 

T5=TO5+C9*exp(m5*x5)+ClO*exp(-m5*x5); 

%plot(x Ij l, 'b', x2, T2, 'b', x3, T3, 'b', x4, T4, 'b', x5, 

T5, 'b') 

% the average temperature is 
Tavi=l/lLi*int(T(x)i, xl, x2); only calculate the 

average beam along the hot beam-, 

Tavh=(2e-6*sum(Tl)+2e-6*sum(T2)+2e- 

6*sum(T3))/(LI+L2+L3)-TO; 

Tavc=(2e-6*sum(T4)+2e- 

6*sum(T5))/(Ll+L2+L3)-TO; 'Vocold beam and 
Ilexture beam average tenipereture-, 
Tav--Tavh-Tavc; 

the maximum temperature of the hot bearn-, 

T=[Tl T2 T3 T4 T5j'; 

Tmax=max(T); 

Tr(m, n)=Tmax/Tav; 

if Tav<O 

Tr(m, n)=inf; 

end 

else 
Tr(m, n)=inf, 

end 
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end 

end 

Trm(xx)=min(min(Tr)); 

%IQI, Q21=fiiid(T. Trm); 

%Qll=Ql*0.01-0.01; 

%Ql2=Q2*0.01-0.01; 

%QII*L; 
%Q12*L; 
if w2==wl I L2ýO %fixed the value 
for W=2 um. 

jpal, pa2]=find(Tr--ini); 
Nu=size(rind(Tr--inf))*j1; 0j; 

Tr(pal, pa2)=Trm; 
Trm(xx)=sum(sum(Tr))/(m*n); 

end 

end 

qw=le-6; 

for No=1: 10 

qw--qw+le-6; 

wq(No)=qw; 

end 

plot(wq, Trm) 

Appendix G 220 


