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Kurzfassung: Optik und Miniaturisierung sind zwei Shlüsseltehnologien mit vielfäl-tigen Anwendungsfeldern, denn sie ermöglihen Produkte mit höherer Funktionalität beigleihzeitiger Reduktion der Gröÿe sowie der Kosten.In dieser Arbeit werden zwei Anwendungsmöglihkeiten für Mikrooptik in den Bereihenoptisher Übertragungstehnik und paralleler Mikroskopie untersuht. Weiterhin werdenvershiedene optishe Simulationsmethoden aus den Bereihen Strahlenoptik und skalarerWellenoptik in homogenen und inhomogenen Medien analysiert und weiterentwikelt.Die Herstellung und Optimierung von miniaturisierten und hohkompakten Faserkop-plern, die unter anderem für �Ative Optial Cables� geeignet sind, bilden den erstenShwerpunkt der Arbeit. Dabei wird besonders auf die Herstellung mittels UV Tiefenlitho-graphie in SU-8 sowie möglihe Replikationstehniken eingegangen. Durh die Verwendungvon mehreren Belihtungungen unter untershiedlihen Einstrahlwinkeln wird die litho-graphishe Herstellung von hohpräsizen Strukuren mit einer Höhe von mehreren hundertMikrometern und shrägen Flähen ermögliht, die zudem auf einfahe Weise replizierbarsind.Im letzten Teil werden die Vorteile der Mikrooptik im Bereih paralleler Mikroskopieuntersuht, sowie das neue Konzept eines parallelen Mikroskops auf der Basis von GRIN-Stablinsen vorgestellt.Abstrat: Optis and miniaturization of omponents are both key tehnologies sup-porting the progress in many multidisiplinary areas and enabling produts with morefuntionality at redued size and osts.Two appliations of miroopti integrations in the �eld of optial ommuniations andparallel mirosopy are investigated. This thesis also deals with light propagation in geo-metrial optis and salar wave optis, both in homogeneous and inhomogeneous media.The fabriation and optimization of integrated �ber ouplers with appliations in ativeoptial ables are the �rst fous of the thesis. A new onept for ompat �ber ouplingwith a pith distane of 250 µm and an integrated 45◦ mirror is introdued and all stepsfrom fabriation over repliation to oupling e�ieny measurements are desribed.For the fabriation of miniaturized omponents a new method using UV deep lithog-raphy in SU-8 with multidiretional exposure for struture angles above 45◦ is developed.Repliation tehnologies like diret UV repliation and soft lithography using PDMS arealso analyzed with respet to large-sale prodution of highly integrated strutures.Miniaturization is also investigated in parallel mirosopy to speed up high ontentsreens in life siene. The onept of parallel mirosopy is analyzed and a ompatGRIN-rod lens system is developed with the apability of sanning mirowell arrays with10k spots in one san.
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Chapter 1Introdution and overviewIn the last deades a hange in the ommuniation market took plae. Established ele-trial ommuniation systems were replaed by optial systems. Using higher frequenies,eletrial interonnets are restrited by di�erent physial limitations, while optial inter-onnets are not. Unlike optial transmission, the primary hallenge for eletrial ondu-tors is the attenuation of wires with inreasing length and frequeny. In addition photonsshow no ross talk and are not in�uened by eletrial and magneti �elds, at least notwith normal �eld strength. These advantages are used in long distane ommuniationwhere the proessing is done by eletroni iruits and the transmission by optial �bers.Optis for transmission is used for ever shorter distanes. From onneting ontinents,ountries, ities, and homes, one is now looking into the advantages of optis in the rangeof less than a hundred meters and even to hip-to-hip as well as hip internal interonnets.This work started with the demands of the FAIR projet where a new aelerationfaility at the GSI Darmstadt is planned to be built until 2015. One detetor in this ex-periment is the CBM detetor (ompressed barioni matter), whih is designed to analyzehighly ompressed nulear matter. Due to the design of the detetor and the surroundings,speial demands on the interonnetions have to be met. They have to work on di�erentvoltage levels in the range of ±300 V and be radiation hard. They have to be pluggable,no pig tails, and have to over a �rst distane of 30 m. The best solution would be a ablewhih is pluggable like ordinary eletrial ables but transmits the information on the basisof light. This onept is alled `Ative Optial Cables' and is not only interesting for highenergy physis but although for the whole ommuniation and omputer market. Reentlya study showed a potential market of several billion dollars. Intel, Emore, Finisar andsome other ompanies already have produts on the market. Unfortunately these are stillexpensive and do not use the full potential onerning the density of optial interonnets.The optimal pith distane for optial hannels is determined by the pith of the fabriatedsoures and photodiodes, in the ase of VCSELs the pith is 250 µm allowing a density offour hannels per millimeter. As the onversion from eletri signals to optial ones hasto be done in a very small onnetor there is no plae for large bend radii whih would beneeded if the �bers were diretly oupled to the VCSELs. For �bers parallel to the board3



4 CHAPTER 1. INTRODUCTION AND OVERVIEWon whih the VCSELs are mounted one needs some kind of de�eting element next to the�ber alignment struture. The resulting miro optial element has to ful�ll at least threetasks: the de�etion of light by 90◦, the alignment of the �ber, and a funnel to simplifythe insertion of �bers. Additionally, an optimized surfae of the mirror will fous the lightinto the �ber to reah higher oupling e�ienies. An appliation of these oupling stru-tures will only be suessful if two or more riteria are met. First, the repliation of thesestrutures has to be aurate, fast, and at low osts. Seondly, a proess to align the �berouplers with the VCSELs has to be found.A total di�erent �eld of miniaturized omponents is mirosopy. While lassi miro-sope objetives onsists of many bulky glass lenses, alternatives using miniaturized lensesare being investigated. The design goal here is a largely parallel and ompat systemwhere the omponents do not have to be time-onsumingly aligned and where the lensesare fabriable by repliation tehniques suitable for mass prodution. Suh a miniaturizedsystem is not only better suited for parallelization, its prodution is also heaper.OverviewThe �rst part of the thesis investigates di�erent fabriation and repliation tehniques,espeially UV deep lithography for the fabriation of integrated miro optial strutures.Starting with an investigation of the UV illumination system for lithography using maskprojetion, the hapter goes on with UV deep lithography and points out some alternativesto it. UV deep lithography is examined in detail with a fous on multidiretional exposure.The subsequent hapter introdues two repliation tehniques: diret UV repliation andsoft lithography.Part 2 deals with di�erent light propagation methods, from ray traing to the propa-gation of waves in inhomogeneous media. The hapter on geometrial optis introdues austomized ray traer whih is developed to simulate and optimize the oupling e�ieniesof �ber ouplers inluding the propagation of rays in inhomogeneous media. In order todesribe light propagation from mask patterns into thik resist, the next hapter deals withaspets of salar wave optis and analyzes di�erent methods for the propagation of wavesin homogeneous and inhomogeneous media. Part 2 is onluded with a UV deep lithogra-phy simulation whih is based on the methods derived in the hapter on salar wave optis.Two appliations for miniaturized omponents are desribed in Part 3. The mainappliation of the thesis is the development and haraterization of an integrated �beroupler fabriated by UV deep lithography. A ompat optial oupling tehnique is oneof the main features of ative optial ables.Miniaturized parallel mirosopy designed for the ViroQuant projet is the topi of theseond appliation part. The onept is based on GRIN-rod lenses and integrated beam



5splitters. The hapter also ompares analytial paraxial equations for GRIN rod lenses tosimulations inluding higher order terms.The thesis is onluded with a summary and perspetives.
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Chapter 2FabriationIn the 20th entury lithography beame one of the most important fabriation tehniquesfor miniaturized omponents. One distinguishes between many di�erent types of lithogra-phy suh as transfer lithography, soft lithography, miro lithography, and photolithography.Among these di�erent lithographies the photolithography stands out beause it enablesmost of the important miro fabriation tehniques. It starts with the omplete marketof integrated iruits, where the size of the smallest iruit path is given by the resolutionof the lithography, and ontinues as the most important tehnology for the fabriation ofmirooptis (Sinzinger and Jahns [47℄).Two types of photolithographi fabriation proedures are distinguished: sanninglithography and mask lithography. In sanning lithography a modulated laser writes di-retly into a light-sensitive material alled photoresist. In mask lithography the patternof an amplitude mask is transfered into the photoresist, either by projetion optis or byuniform illumination of the mask positioned diretly on the photoresist. In the latter, onedistinguishes between hard ontat, where mask and photoresist are in diret ontat, andsoft ontat, where a small gap is left in between. During exposure the photoresist hangesits properties. In the following development step and in the ase of negative photoresist,exposed areas remain and unexposed areas are dissolved.Deep lithography means using thik resist layers, typially > 10 µm. The ahievableresolution strongly depends on the exposure soure used. In deep lithography the resistis exposed with partiles like protons or with eletro-magneti soures of di�erent wave-lengths. UV deep lithography stands for photolithography using thik resist and a UV lightsoure of about 365 nm. This has to be distinguished from Deep UV lithography where aradiation between 150 nm and 300 nm is used. In this work, sanning lithography is usedto produe binary amplitude masks, whih are later used in ontat lithography to transfertheir pattern into a thik resist.The hapter starts with an analysis and optimization of a given UV illumination systemused for photolithography. The photoresist SU-8 allows to produe strutures with heightsof up to several 100 µm. Applying illumination under di�erent angles of inident inreasesthe variety of funtions whih an be integrated into miro optial omponents. Ultra pre-ision mahining as an emerging alternative for the fabriation of miro optial omponents9



10 CHAPTER 2. FABRICATIONis also investigated. At the end of the hapter a omparison in terms of surfae qualityand auray is given.



2.1 UV illumination systems 112.1 UV illumination systemsThe quality of strutures ahieved by ontat lithography depends strongly on the prop-erties of the illumination system. Important parameters are the spetrum of the lightsoure, the illumination homogeneity on the substrate, and the angular spread. In the�eld of UV illumination systems, merury vapor lamps are ommonly used. The spetrallines at near UV are the i-line at 365 nm, the h-line at 405 nm, and the g-line 434 nm. Dueto the spatial dimension of the bulb and the radiating volume within, no passive optialsystem an be built to ahieve a homogeneous illumination with high power e�ieny andan angular spread lose to 0◦. For this reason, every illumination system is a trade-o� be-tween power, homogeneity and angular spread. In the following hapter the harateristisand partiularly the angular spetrum of a given UV illumination system are analyzed andimprovements for a redued angular spetrum are desribed.2.1.1 Properties of light soures for deep lithographyThe main properties of a UV illumination system for deep lithography are the intensitydistribution, the angular spread, and the radiation spetrum. The spetrum of the lightsoure has to be suitable for the photoresist used. SU-8 for example is sensitive in the nearUV region whih orresponds to the i-line of a merury vapor soure. The intensity atthe illumination area de�nes the time needed to expose the resist. Lower intensity meanslonger exposure times. A homogeneous irradiane aross the whole illumination area isalso needed. Critial is the angular spread of the system beause an inreasing spread hasa diret impat on the side walls of the obtained strutures.
Figure 2.1: Angular measurement of the UV illumination systemThe angular spetrum of a light soure an be measured using an optial Fourier trans-form system, see Liu�s dotoral thesis [34, hapter 5℄. Her measurement setup onsisted ofa lens and a amera plaed in the fous of the lens to determine the angular spetrum ofthe light soure (see �g. 2.1). The relation between the divergene angle δ and the lateralshift g in the image is given by the formula

±δ = atan

(

g

f

)

. (2.1)



12 CHAPTER 2. FABRICATIONIn the geometri optis approximation of a thin and symmetri lens, a ray going throughthe enter of the lens is not refrated, hene the angle δ is found on both sides of the lens.This is also depited in �gure 2.1 where the rays through the enter of the lens are bolderthan the two border rays. For ompleteness, the relation between the pixel in the imageand the lateral shift g is given by
g = n · dpix (2.2)where n is the number of pixels and dpix the size of one pixel on the CCD amera.The measured angular spetrum of the mask aligner was ±3.3 ◦. Figure 2.2 shows thehorizontal deviation ∆x of a theoretial SU-8 struture with height h, whih was exposedby an illumination system with an angular divergene of δ.

Figure 2.2: Impat of angular spread on SU-8 struturesTaking Snell's law into aount the horizontal error ∆x is
∆x = h · tan

(

asin

(

n1

n2

sin (δ1)

))

. (2.3)For a struture with h = 100 µm and an angular spread of α1 = 3.3 ◦ the lateral erroris ∆x = 3.4 µm.In the following paragraphs di�erent methods to reah a homogeneous light distributionwith low angular deviation will be examined.2.1.2 Uniform illuminationIn photolithography, a uniform light distribution in the illumination plane is very importantto reah onstant quality of strutures along the whole substrate. An optial setup for amask aligner with uniform illumination often onsists of an elliptial mirror for ollimation,a light soure mounted in the �rst foal point of the ollimator, a �y's eye for uniformradiation, and a ondenser lens (see �g. 2.3). Sine the soure is a luminous volume,the light foused by the ollimator into the seond foal point is expanded. The light



2.1 UV illumination systems 13distribution in the foal area is further distorted by elements inside the light paths fromthe bulb to the foal point suh as wires for eletrial ontats and holding strutures whihast shadows.
Figure 2.3: Typial UV illumination setup in photolithographyThe �y's eye, positioned in the seond foal point of the ollimator, onsists of twolens arrays. The �rst �y's eye array is often alled objetive array and the seond arrayis alled �eld array. Eah objetive lens of the array forms an image of the ollimatedlight soure at the foal plane of the objetive lens. A uniform illumination is ahievablewith one lens array and one ondenser lens positioned in the foal plane of the objetivearray, if the angular divergene of the inoming light is lose to zero. In this senario theradiation of eah image is transformed to �ll most of the illumination plane. The resultis an aumulation of all images of the light soure whih forms a uniform illumination.Sine the angular divergene of the light soure is not zero, the images overlap only partly,building a nonuniform distribution. If the �eld array is added to this setup and put intothe fous of the objetive array, and if the ondenser lens is moved behind the �eld array,a uniform intensity distribution on the illumination plane is ahieved. The �gures 2.4 and2.5 show the result of a Zemax simulation of the mask aligner without and with a �y's eye.

Figure 2.4: Without a �y's eye: donut-shaped irradiane on the plane of illumina-tion Figure 2.5: With a �y's eye: uniform irra-diation on the plane of illumination



14 CHAPTER 2. FABRICATIONThe pro�le without a �y's eye is that of a donut, sine the lens is a Fourier transformerof the angular distribution inside the aperture, whih is donut-shaped. With a �y's eye,the desired top hat is obtained. It is obvious that the homogeneity of the top hat inthe illumination plane depends on the number of images whih are aumulated. Themore hannels of the arrays are added in vertial and horizontal diretion, the better thehomogeneity beomes. There is also a draw bak if too many hannels are used. Sine theedges between two lenses are not in�nitely sharp, light is sattered in these regions. As arule of thumb, approximately seven hannels or more are needed for uniform irradiane atthe illumination plane. The �y's eye of the mask aligner used in this thesis onsisted often hannels in both diretions with a total size of 4 cm × 4 cm.2.1.3 Trade-o� between intensity, uniformity and angular spe-trumThe ondenser lens with foal distane fcond is loated one foal length fcond behind the�eld array. Therefore, the lens transforms a spatial deviation d(r) at the �eld array intoan angle deviation δ on the plane of illumination as follows:
δ = atan

(

d(r)

fcond

)

. (2.4)The parameter d(r) orresponds to an aperture radius, whih overs the �eld of viewof the ondenser lens. For homogeneity, a large number of hannels is needed, whihresults in a larger aperture ausing an inrease of the angular divergene. In order tominimize δ, the aperture has to be redued while keeping the homogeneity in a tolerableregion. If a miniaturized �y's eye with equal performane were available, this would be the�rst hoie beause the angular deviation is redued while keeping the homogeneity. Theminiaturization of the �y's eye is limited by the diameter of the seond foal spot of thelight soure d2nd. If the diameter of the aperture beomes smaller than d2nd, the intensityin the illumination plane dereases rapidly. The simplest way to redue δ of a mask aligneris to insert an aperture behind the �eld array at the osts of power and homogeneity. Inorder to �nd the best parameters for the insertion of an aperture, the available mask alignersystem was simulated in Zemax. Figure 2.6 shows the system setup for the simulation.In order to minimize the energy loss from the aperture, the best loation is a fewmillimeters behind the �eld lens in the foal plane (see �g.2.7 ).The simulated irradiane behind the �eld lens shows (�g. 2.8) that the energy inthe di�erent images from the primary light soure dereases from the enter to the outerregions of the �eld array. Thus an aperture whih uts of the outer parts redues theangular divergene without losing too muh power. Table 2.2 shows a omparison betweendi�erent radii of apertures. The aperture in the �rst line redues the 10 × 10 array tothe inner four images of the primary soure, while the aperture in the seond line inludesthe inner sixteen images, and the last is without an aperture. All three setups have beensimulated, realized and measured. The detetor in the simulation with a length of 12.7 m
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Figure 2.6: Zemax Simulation of the mask aligner with aperture

Figure 2.7: Side view on the �y's eye Figure 2.8: Irradiane 1.5mm behind the�eld array (Zemax)was divided into 15×15 squares. In order to redue the in�uene of statistis in the MonteCarlo simulation, the number of emitted rays was hosen so that more than 1.4 million hitthe detetor. The values for the uniformity on the detetor, i.e. the plane of illumination,are alulated within an aperture of r = 5 cm. Valley intensity Iv and peak intensity Ip aregiven relative to the mean value. The standard deviation is alulated from the normalizedintensities I within the illumination plane
σsim =

√

√

√

√

1

N

∑

N

(

1 − I

Ī

)2

. (2.5)The standard deviation σsim in formula 2.5 is only alulated for the simulation beausethe number of measured data points was insu�ient.Table 2.2 shows the orrelation between radius of aperture, intensity, and uniformity:dereasing the aperture size dereases the angular spetrum however also the intensity anduniformity. The measured intensities for both apertures were lower than the simulated



16 CHAPTER 2. FABRICATIONAperture Intensity [mW
cm2

] Angle Relative uniformity [%]Radius Isim Imes δsim δmes Ivsim Ivmes Ipsim Ipmes σsim

4.0 mm 9.7 6.4 0.7◦ 0.7◦ 94.2 72.1 115.1 120.2 4.3
8.5 mm 32.4 22.4 1.6◦ x 95.0 90.0 110.3 109.6 3.2none 72.0 72.0 3.0◦ 3.3◦ 96.4 96.1 106.5 102.6 2.1Table 2.2: Comparison of system parameters for di�erent radii of aperture, simulated andmeasured : intensity, angular spread, relative peak and valley intensity, and the oe�ientof variation for the simulationones. This indiates that the illumination distribution on the �eld array is spread morewidely over the �eld than in the simulation. Another reason an be that the aperture wasnot positioned perfetly in the foal plane of the �eld array. Both errors lead to lowerintensity. The variation in the peak to valley intensities is an indiator for an alignmenterror of the aperture with the optial axis, beause peak and valley intensity were in theplane of illumination opposite to eah other, peak on the right, valley on the left. Anotherin�uening fator is the distortion of the seond foal point of the light soure. If it is notradially symmetri around the optial axis, but shifted for example, the uniformity on theillumination plane is also distorted. Figure 2.9 shows the intensity distribution and �gure2.10 the angular divergene. In both �gures an aperture with r = 8.5 mm is used.

Figure 2.9: Simulated intensity on the de-tetor with aperture r = 8.5 mm
Figure 2.10: Simulated angular spetrumon the detetor with aperture r = 8.5 mmIn summary, the angular deviation of the mask aligner an be redued by inserting anaperture in the foal plane behind the �eld array. It depends on the appliation whetherintensity and uniformity or angular divergene are more important. A better hoie, how-ever, is a miniaturized �y's eye with more hannels.



2.1 UV illumination systems 172.1.4 Light rod as homogenizerLight distributions are also homogenized with light rods. The priniple of a light rod,whih is often retangular to avoid austis [24℄, is based on superposition of the inidentlight �eld with every total internal re�etion. The number of re�etions m for a singleray propagating under the angle α inside a light pipe with length L and diameter d isalulated in 1D with the equation
m =

2L · tan (α)

d
. (2.6)

Figure 2.11: Zemax Simulation of the mask aligner with a light rod
Figure 2.12: Intensity distribution in front of the light rod at z = 0 , at the end of thelight rod z = 100 mm, at z = 150 mm and at z = 250 mmThe level of uniformity at the end of the light rod is a funtion of the number ofinternal re�etions. The uniform light distribution is only given at the end of the lightrod, sine the angular harateristis are not hanged. This is illustrated by the followingsimulation. The �y's eye of the mask aligner is swapped with an aperture and a light rodwith d = 17 mm. The length L = 100 mm orresponds to three re�etions for an angle ofinident α = 10◦. Figure 2.11 shows the simulation setup.The simulated intensity distribution at di�erent z loations are shown in �gure 2.12. Inorder to ahieve uniformity in a ertain distane behind the light rod, an imaging systemis indispensable. The size of the illumination area is then given by the magni�ation fatorand the diameter of the light rod. To investigate the performane of suh a system thefollowing one was simulated (�g. 2.11): Light rod with L = 20 cm and r = 8.5 mm, twoapertures, two lenses for imaging with magni�ation m = 3.
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Figure 2.13: System with light rod and imaging optis

Figure 2.14: Intensity on the illuminationplane Figure 2.15: Angular spetrum on the illu-mination planeThe harateristis are summed up in table 2.3, and the intensity distribution on theillumination plane as well as the angular spetrum are shown in �gure 2.14 and 2.15.The system design study with a light rod shows that it is in priniple possible to obtainuniformity with light rods. Considering UV illumination systems, the results propose theusage of a �y's eye instead of a light rod. The performane of the �y's eye in every analyzedproperty was equal or better.
Image width Intensity [mW

cm2

] Angle Relative uniformity [%]

Iv Ip σ

5 cm 50.3 6.8◦ 88.9 107 4.7Table 2.3: Performane of a simple light rod and imaging system



2.2 UV deep lithography 192.2 UV deep lithographyDeep lithography stands for lithography using resist thiknesses > 10 µmwhih are exposedby partiles or photons. With the invention of high funtionally resists, whih are sensitiveto the near UV range, lithography in thik resist is not limited to the high requirements ofpartile beams or synhrotron radiation anymore. UV illumination systems desribed inthe previous setion are su�ient now.The �rst setion introdues the photolithography proess with SU-8, whih was used inthis work to fabriate master strutures for di�erent appliations. The following setionsinvestigate the exposure proess step and desribe the development from normal exposureover inlined exposure to multidiretional exposure. The hapter is losed with an analysisof the surfae quality, additional fabriation methods like ultra preision mahining, and aonlusion.2.2.1 SU-8 proessThe negative tone photoresist SU-8, based on EPON SU-8 epox resin from Shell Chemial,was originally developed by IBM (LaBiana and Delorme [31℄ and Shaw [46℄) and furtherderibed by Lorenz et al. [36℄. With thiknesses up to 2mm, high aspet ratios, mehanialstability, and sensitivity to UV light, it is used in many appliations like miro �uidi,MOEMS, et. (Despont et al. [14℄, Zhang et al. [59℄, Liu et al. [33℄).The SU-8 proess ([26℄, [38℄) is divided into eight steps shown in �gure 2.16.

Figure 2.16: The SU-8 proess hainThe `Exposure', where the aid for the polymerization is generated in the illuminatedregions, is the ritial step and the fous of this setion. The exposed regions of negativetone resist remain after development. That is, if the energy is high enough to allow rosslinks near the substrate for adhesion. Depending on the sequene, mask, resist, and sub-strate, one distinguishes between two setups for illumination. In the ommonly used setupthe mask lies on top of the resist, but it is also possible to turn the substrate upside downand set the mask on the substrate with the resist below. In this ase, gray tone lithographyin SU-8 is possible at the ost of struture resolution. The loss in resolution is a result ofthe di�rations at the mask and the longer distane between mask and resist. This e�et



20 CHAPTER 2. FABRICATIONis also visible if the mask is in ontat with the resist and the resist surfae is not perfetlyplanar. Therefore it is important in the oating proess to minimize the height variation ofthe resist. So alled `edge beads' have to be removed. The term `edge bead' refers to thee�et in spin oating that the resist layer near the border of the substrate is thiker dueto surfae tension. Sine the edge beads only our in the outer region of the substrate, aredution of the mask size in hard ontat lithography redues the impat of edge beads.This approah was used in this work. With a substrate size of 6 cm × 6 cm all masks wereut down to at least 3 cm×3 cm, the planar region of the resist. The impat of edge beadson the resolution of strutures is shown in �gures 2.17 and 2.18.

Figure 2.17: SU-8 struture exposedthrough 6 cm mask Figure 2.18: SU-8 struture exposedthrough 2 cm mask2.2.2 Spin oatingIn all lithography experiments 3 gr SU-8 were deposited on square �oat-glass substrateswith a length of 6 cm after those had been leaned. The following spinning proess startedwith a rotation speed at 500 rpm to spread the SU-8 for t1 = 15 sec and de�ned the�lm thikness in a following step with faster rotations for t2 = 25 sec. Figures 2.19 and2.20 show the orrelation between �nal struture height and spinning speed in the oatingproess. For an approximation of interim values, the funtion
h(x) = A · e−α·x + c (2.7)with the parameters A, α, c was �tted. Knowing the exat �lm thikness is very importantin order to be able to apply the orret exposure time.2.2.3 Exposure doseThe preise ontrol of the exposure dose D = I0 · t is of the utmost importane in thewhole proess. Insu�ient exposure time results in total loss of the strutures due to
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Figure 2.19: SU-8 50 spin speed urve (t2 =
25 sec), �t parameters: A = 381.5 µm, α =
0.001325 rpm−1, c = 50 µm
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Figure 2.20: SU-8 25 spin speed urve (t2 =
25 sec), �t parameters: A = 148.3 µm, α =
0.00128 rpm−1, c = 15 µmthe insu�ient ross linking with the substrate, while longer exposure times redue theresolution. The orret exposure time depends strongly on the thikness of the resist.Fabriation of strutures with new thiknesses typially requires a series of time onsumingexperiments to determine the orret exposure time. The results of experiments withgray lithography in the next setion suggest a minimum exposure dose for di�erent �lmthiknesses, while the setion following gray lithography examines the exposure dose neededfor su�ient adhesion in standard lithography.2.2.3.1 Gray tone lithographyIn 2002 experiments with gray tone lithography in SU-8 were made by the group of Brennerto fabriate ontinuous phase elements (Wohlfeld and Kufner [55℄). The exposure setupand two fabriated phase elements are shown in �gures 2.21 to 2.23.

Figure 2.21: Exposuresetup for gray tone lithog-raphy in SU-8 Figure 2.22: Wedge by lin-ear gray tone mask Figure 2.23: Wedge by ex-ponential gray tone maskIn order to determine the threshold between remaining and dissolving SU-8 in relationto the exposure dose, two experiments were undertaken. In a �rst step a mask with an



22 CHAPTER 2. FABRICATIONarray of retangular apertures was exposed to inreasing doses and the SU-8 height wasmeasured after development (see table 2.4).Height h [µm℄ 0 96 164 233 342 425Exposure time t[sec℄ 10 20 40 70 130 250Table 2.4: Dependene of struture height on exposure timeThese results suggest an exponential relation between the struture height h and theexposure dose D

D(h) = I0 · c · eα·h. (2.8)A funtion �t with c = 11.1256 sec, I0 = 7.97 mW
cm2 , and α = 0.0073 1

µm
is shown in �gure2.24 where I0 is the intensity in the plane between substrate and SU-8.
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Figure 2.24: Correlation between SU-8 ross link depth and exposure dose in gray tonelithographyThe height of the strutures orresponds to the threshold between remaining and dis-solving SU-8 during the development. This threshold is the lower limit for the exposuretime. It does not orrespond to the minimum exposure dose in standard lithography (maskon SU-8) beause the ross linking has not only to be strong enough to resist the develop-ment but also to provide enough adhesion to the substrate.



2.2 UV deep lithography 232.2.3.2 Standard lithographyIn standard lithography the results of an exposure dose experiment are of four kinds: nostruture (lift o�), under ut struture (low exposure), normal struture (orret exposure),and blurred struture (over exposure). These four are illustrated in �gure 2.25.
Figure 2.25: Struture variation with inreasing exposure dose: lift o�, under ut, normal,blurredThe di�erene between a remaining struture and one that lifts o� is narrow and doesnot only depend on the exposure dose. Other fators are impure substrate surfae, toohigh temperature steps in the postbake proess, i.e. thermal stress, size of the adhesionarea, et.. Applying adhesion promoter like HMDS (Hexamethyldisilazane) before oatingSU-8 inreases the adhesion of SU-8 on glass or silion wafers and therefore redues theminimum required exposure dose. The exposure dose also depends on the re�etivity ofthe substrate, whih has to be taken into aount if the substrate used is not glass.The SU-8 experiments on glass substrates at our hair of the last 5 years are depitedfor di�erent thiknesses and struture sizes in �gure 2.26. The results for mask aperturessmaller than 50 µm are from the diploma student Ehrle.The �gure distinguishes between good results (green symbols), insu�ient exposure(blue symbols), and over exposure (red symbols). The experiments from the student inthe upper left orner were made to haraterize the new mask aligner 3 years ago. Hismask inluded many small strutures the size of 25 µm, while the struture size of theother experiments were in the range of 75− 150 µm. Sine adhesion for smaller struturesbeomes inreasingly ritial, he used higher exposure doses than the other results suggest.In summary, the exposure dose not only depends on the �lm thikness but also on the sizeof the smallest strutures to guarantee su�ient adhesion on the substrate. The ompila-tion in �gure 2.26 is still useful to get an idea, in whih exposure dose region one shouldstart with new �lm thikness and or struture size.Sine most lab notes only inluded the exposure time and the date, the atual exposuredose had to be estimated from the known intensity measurements. For ompleteness, theompilation of the intensity variations over the past 5 years is depited in �gure 2.27The intensity ompilation shows that the intensity dropped by 40% over a time saleof 2 years and 5 months, or 110 h of mask aligner operation.
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Figure 2.26: Exposure experiments in the last 5 years
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Figure 2.27: Development of mask aligner intensity in the last 5 years, measured valuesare represented by irles



2.2 UV deep lithography 252.2.4 Inlined exposureLithography is not restrited to perpendiular exposure. The angle of inidene is anotherdegree of freedom in the fabriation of miro strutures. Standard methods for inlinedexposure, demonstrated by others (Yoon et al. [57℄, Han et al. [27℄, and Ling and Lian[32℄), are limited to struture angles < 36◦ due to the refration law. Using additionalomponents like oupling prisms and immersion liquids, every angle from 0◦ to > 55◦ anbe realized.2.2.4.1 Slanted strutures and angle of inideneThe relation between the angle of inidene θi and the angle of the light inside the resist
θt, determining the angle of the struture, is given by Snells's law

nisin (θi) = ntsin (θt) . (2.9)Without any additional omponents, θt is limited by
θtmax

= asin

(

ni

nt

)

. (2.10)From air with ni = 1 to SU-8 nt = 1.69 the limit is θtmax < 36.3◦. Additional omponentslike prisms are needed to inrease θtmax. For example, in a setup with a 90◦ quartz prism,
θtmax is inreased above 55◦. Figure 2.28 depits a setup for slanted exposure with waterimmersion and �gure 2.29 depits the orresponding angles inside the resist.

Figure 2.28: Photolithography setup for in-lined exposure with water immersionand
90◦ prism
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Figure 2.29: Relation between θi omingfrom air (ni = 1) and θt inside the resist(nt = 1.69) for the setup with 90◦ prism.
45◦ struture are obtained with θi = 58.9◦Strutures with 45◦ angles are of speial interest in this thesis. The slanted surfaesan be used as mirrors, for example in integrated �ber ouplers in the appliation part ofthis work. Slanted strutures for di�erent retangular apertures are shown in �gure 2.30.
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Figure 2.30: Slanted 45◦ strutures in SU-8 for di�erent retangular aperture sizes2.2.4.2 Transmissivity and re�etivityGoing from perpendiular to slanted exposure, re�etions and energy transfer between sur-fae boundaries have to be more areful evaluated.Re�etions on boundary surfaes deform strutures and an ause additional ghoststrutures. A ghost struture is some remaining resist in a shadow area of the mask, oftenthe form of an aperture near by. To prevent these, index mathing in every possible layeris indispensable. Water with a refration index of 1.33 proved to be pratial.The following derivation of transmission and re�etion follows the explanations of Bornand Wolf [1℄ and Brenner [4℄.The transmission and re�etion for the amplitude of polarized light on surfae bound-aries are desribed by the Fresnel formuale. By using the law of refration one obtains
r⊥ = −sin (αi − αt)

sin (αi + αt)
(2.11)

t⊥ =
2sin (αt) cos (αi)

sin (αi + αt)
(2.12)

r|| =
tan (αi − αt)

tan (αi + αt)
(2.13)

t|| =
2sin (αt) cos (αi)

sin (αi + αt) cos (αi − αt)
. (2.14)The Fresnel oe�ients r and t desribe the relation between the amplitude of the inidenteletro magneti �eld, and the re�eted or transmitted �eld.To meet the energy onservation, the inident energy on a unit square dA has to beequal to the re�eted and transmitted energy per unit dA, thus

Ii · cosθi · dA · dt = Ir · cosθr · dA · dt + It · cosθt · dA · dt. (2.15)



2.2 UV deep lithography 27With the de�nition of the optial intensity I for µ = 1 with the eletrial �eld amplitude
E

I =
n

2µ0c
E2 (2.16)and the law of re�etion θi = θr, the energy onservation on surfae boundaries beomes

ni · E2
i · cosθi = ni · E2

r · cosθi + nt · E2
t · cosθt. (2.17)or

E2
i = E2

r +
ntcosθt

nicosθi

E2
t . (2.18)By normalizing E2

i = 1 and inserting the de�nition of the Fresnel oe�ients r = Er

Ei
and

t = Et

Ei
one obtains

1 = |r|2 +
ntcosθt

nicosθi

|t|2 . (2.19)with r and t either for || or ⊥ polarization.For unpolarized light one has to average over all orientations for eah polarization. Be
Eu the part of one orientation of the polarized amplitude Ep with

Eu (θ) = Epcosθ, (2.20)the average over all θ of E2
u is 1

2
E2

p sine cos2 = 0.5. The alulation for the perpendiularpolarization Epp of Ep is similar, exhanging cos θ with sin θ, and also results 1
2
E2

pp. Finally,the transmissivity T and re�etivity R for unpolarized light are
R =

1

2

(

|r⊥|2 +
∣

∣r||
∣

∣

2
) (2.21)

T =
1

2

(

|t⊥|2 +
∣

∣t||
∣

∣

2
) ntcosθt

nicosθi

. (2.22)The diagram in 2.31 depits the transmissivity and re�etivity for polarized and unpo-larized light going from air to silia.The seond diagram in 2.33 shows the transmissivity for the slanted exposure setupfor eah boundary, with 90◦ prism (see 2.28) and water immersion: air to prism Tprism,prism to immersion Tim1, immersion to mask Tmask, mask to immersion Tim2, immersionto resist (SU-8) Tresist, and �nally the transmissivity as produt of all fators from air toresist T . For the energy transfer, there is no di�erene going from refration index n1to refration index n2 or from n1 to n2. Therefore Tim1 = Tmask = Tim2 share the sameurve. The seond �gure shows the limit of water immersion. The transmitted energydrops fast beyond θi = 60◦. Strutures with angles θr > 45◦ demand immersions withhigher refration indexes in order to keep re�etions small. The improvement going fromwater immersion nw = 1.33 to an immersion liquid with ni = 1.5 is shown in the thirddiagram 2.34.
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Figure 2.31: Re�etivity R and transmissiv-ity T for normal, parallel, and unpolarizedlight going from air to silia
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D = I · t (2.23)with the intensity I de�ning the exposure time t.From the two equation forms of energy onservation
1 = |r|2 +

ntcosθt

nicosθi

|t|2 (2.24)and
1 =

Ir · cosθi

Ii · cosθi

+
It · cosθt

Ii · cosθi

(2.25)with the inident intensity Ii, the re�eted and transmitted intensities Ir and It, and theFresnel oe�ients r and t, a formula for the re�eted and transmitted intensity is derived.Sine the ratio Ir to Ii must be equal to the energy ratio E2
r to E2

i whih is |r|2, one derivesthe relation
Ir = Ii · |r|2 . (2.26)By setting formula 2.24 equal to formula 2.25, both formulas equaling 1, and insertingformula 2.26 one derives the relation between inident and transmitted intensity as:

ntcosθt

nicosθi

|t|2 =
It · cosθt

Ii · cosθi

It = Ii ·
nt

ni

· |t|2 . (2.27)
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Ir = Ii ·

1

2

(

|r⊥|2 +
∣

∣r||
∣

∣

2
) (2.28)

It = Ii ·
nt

ni

· 1

2

(

|t⊥|2 +
∣

∣t||
∣

∣

2
)

. (2.29)The transmitted intensities on all surfaes for the 90◦ prism setup with water immersionare depited in �gure 2.35. In this setup the intensity inside the resist drops for 45◦strutures to 68%.
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Figure 2.35: Transmitted intensites for in-lined exposure (setup �g. 2.28) 0 10 20 30 40 50 60 70
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Figure 2.36: Re�eted intensites for in-lined exposure (setup �g. 2.28)The re�etions from eah boundary are represented in diagram 2.36. Two re�etions



30 CHAPTER 2. FABRICATIONare ritial, the re�etion from the bottom side of the substrate bak into the substrate(and to a great amount bak into the resist) and the re�etion from the boundary resistto substrate. The alulation above showed that the re�eted intensity from the substratebak to the resist is less than 1%, and the re�eted intensity from the water bak into thesubstrate is 2% of the inident intensity, thus both are in a tolerable region.2.2.5 Exposure setupIn inlined exposure, people often use setups where the substrate is inlined and the illumi-nation soure is left unhanged ([58℄, [27℄). This is the setup of hoie if index mathing isdispensable. If index mathing is indispensable, all air boundaries have to be �lled with theimmersion liquid, inluding the last interfae substrate to air. Thus the substrate has to beput into a tank ontaining liquid, illustrated in �gure 2.37. A more pratiable solution isan inlined illumination while leaving the substrate in a horizontal position. In this setuponly a few droplets of immersion liquid are needed between mask, prism, and resist andonly a small volume under the substrate to ful�ll the index mathing requirements. Thenew setup is depited in �gure 2.38. Due to the easier handling and the minor onsumptionof immersion liquid - whih does not matter for water but matters for other immersionliquids - the inlined illumination setup was used in this thesis for all inlined exposures.

Figure 2.37: Multidiretional exposuresetup with inlined substrate and immer-sion tank Figure 2.38: New multidiretional exposuresetup with inlined illumination and mini-mum immersion liquid onsumption



2.2 UV deep lithography 312.2.6 Multidiretional exposureThe funtionality of strutures, fabriated by photolithography, is further inreased byilluminating under di�erent angles of inidene. Figure 2.39 depits a ombination ofslanted and perpendiular illumination.

Figure 2.39: UV deep lithography with double exposureParallel to the work presented here, multidiretional exposure was investigated by Yoonet al. [58℄ who presented in their paper many di�erent slanted SU-8 strutures fabriatedby variable inlined and normal exposure. Sine they used no additional omponents likeprisms presented in the paragraph before, their struture angle is limited.The ombination of inlined and normal exposure is bene�ial for slanted miro stru-tures used as masters for repliation. Sine avities ause problems in molding repliationapproahes, the avities generated by inlined exposure have to be �lled. This is done witha preliminary exposure step with normal illumination. Naturally, the orret alignmentof the mask in multi exposure has to be guaranteed. In the ase of only one mask, thedisplaement of the mask in the di�erent exposure steps has to be prevented, for example,with UV adhesive. Figure 2.40 and 2.41 show an integrated �ber oupling struture fortwo hannels, fabriated by double exposure (normal, slanted).In multi exposure lithography with one mask, some areas under the mask are exposedmore than one. These areas show signs of overexposure sine eah single exposure step hasto be long enough to provide enough energy for the polymerization down to the substrate.The e�et of overexposure an be partly ompensated by reduing eah exposure time toslightly less than the minimum dose, the dose where a single exposure would result ininsu�ient adhesion. If the area, whih is illuminated more than one, is large enough, theumulated energy will provide enough polymerization for su�ient adhesion.



32 CHAPTER 2. FABRICATION

Figure 2.40: Miro struture fabriated bydouble exposure in SU-8 (side view) Figure 2.41: Miro struture fabriated bydouble exposure in SU-8 (top view)2.2.7 Quality of struturesThe quality of strutures is de�ned by many properties depending on the requirements.For most miniaturized omponents the ontour and position auray are important. Theroughness of a surfae is another relevant property for strutures, if these surfaes have toprovide funtionality like de�eting and guiding light.
2.2.7.1 Position and ontour aurayIn lithography, the position auray is lassi�ed into the auray of alignment betweenmask and resist and the position auray of the fabriated strutures. Mask alignmentis ritial in appliations like hip fabriation with many layers, where eah new layer hasto be perfetly aligned with the last one, or in the fabriation of miro optial eletrialmehanial systems (MOEMS) where the struture has to be plaed in a spei� position.The position auray of fabriated strutures without mask hange is de�ned by theauray of the mask prodution. The amplitude masks in this work were fabriated ona lithography sanner with a position auray of 50 nm and a minimum feature size of
800 nm.The ontour auray depends mainly on the resist and the illumination properties. Aperfet retangular aperture, imaged into resist, only generates vertial side walls with theorret exposure time (see �g. 2.25). Due to di�ration on the boundaries of the mask,the ontour auray dereases with the thikness of the resist. In slanted exposure, theauray of the struture angle is important, espeially if the surfae is used as a mirrorwith the struture angle de�ning the re�etion angle. Figure 2.42 demonstrates that anangular auray in the order of 1◦ over 80% of the surfae is ahievable.
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Figure 2.42: Miro struture with 46◦ angle obtained by UV deep lithography with doubleexposure2.2.7.2 Surfae qualityThe side wall surfaes of SU-8 strutures often show some kind of ri�es. The experieneddiversity of these ri�es is large, but their general diretion is always similar to the appliedexposure diretion. From stohasti ri�es, �gure 2.43, over periodi ri�es, �gure 2.44, tostrutures with smooth regions interrupted by small regions with ri�es, everything hasbeen observed.

Figure 2.43: SU-8 sidewalls fabriated bynormal exposure Figure 2.44: SU-8 sidewalls fabriated bydouble exposure (normal, inlined)For the haraterization of the surfae gradients and roughness, a re�etion measure-ment and a roughness measurement using a white light interferometer are employed.Re�etion measurement The loal gradients of a surfae determine the harateristisof a re�eted beam. Therefore, a re�etion measurement using a known soure and evalu-ating the re�eted intensity is one way to haraterize the gradients of a re�etive surfae.One important appliation of slanted SU-8 strutures use the slanted surfae as energy



34 CHAPTER 2. FABRICATIONre�etor. Important here is, how muh the surfae disturbs the re�etion of a Gaussianbeam. Variables to haraterize are, energy spread in x- and y-diretion and the enirledenergy within an aperture. All three parameters are normalized aording to the σ of theGaussian beam.The measurement setup onsists of a HeNe laser followed by a pinhole with radius
ra = 50 µm. In the �rst step the intensity distribution behind the pinhole is measured.In the seond step the beam is re�eted on an optial �at and the intensity is measuredagain. In the third step the optial �at is exhanged with the slanted SU-8 surfae. Thethree steps are depited in �gure 2.45.

Figure 2.45: Re�etive measurement of a 45◦ SU-8 surfae in 3 steps, using a laser, apinhole, and a ameraIn the evaluation of the measurement results the image of the Gaussian beam from step2 and the re�etion from the SU-8 surfaes are �rst normalized in terms of total energy.For the energy spread in x- and y-diretion the values, one along the olumns and onealong the rows, are aumulated. The results are set in relation to the Gaussian beam, bynormalizing the absissa to σi of the Gaussian beam at (1/e2) , see �gure 2.46.While the energy spread in x-diretion is similar to the Gaussian beam, the spread iny-diretion is almost 3σi. Whether this harateristi is due to a general urvature of thesurfae or to loalized gradients will be analyzed with the white light interferometer in thenext paragraph.The alulated energy �ow through a irular aperture with radius r/σ2 is plotted in�gure 2.47, one for the Gaussian beam, and ten times for di�erent SU-8 surfae measure-ments. Normalizing the enirled energy at r/σ2 = 1 for the Gaussian beam to 1, the
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Figure 2.46: Re�etive measurement: in-tensity distribution in x and y diretion 0 0.5 1 1.5 2
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Figure 2.47: Re�etive measurement: en-ergy within a irular aperture with radius
r/σe (10 measurements)mean e�ieny of the re�etors at r/σ2 = 1 is 58%. Due to the low sampling number,the standard deviation is alulated by Bessel's orreted formula (N → N − 1) with themeasured intensity sampling values y

σSU8 =

√

1

N − 1

∑

N

(y − ȳ)2 (2.30)as σSU8 = 6.5%. This result will be interesting for the e�ieny analysis of the �ber ouplerin the appliation part of this thesis.One last note: these measurements are only a �rst estimation of the re�etion lossessine some soures of error were not eliminated. These were the unknown total power ofthe re�etion in relation to the Gaussian beam and also the unknown saturation behaviorof the amera. The latter error soure was partly prevented by the usage of a gray �lter.White light interferometer The white light interferometer (WLI) measurements wereperformed by the PhD student Sebastian Stoebenau from the TU Ilmenau.
Figure 2.48: Perpendiular view on the 45◦ SU-8 surfae measured by WLI



36 CHAPTER 2. FABRICATIONThe test sample was a double exposed SU-8 struture with a struture height of 230 µmand a 2 mm long 45◦ surfae. The struture was �xed on a 45◦ mount for the measurement.The surfae of the struture is shown in �gure 2.48.The struture was hosen beause it shows typial distortions in form of ri�es but alsoshows some high quality setors. The measurement results are depited in �gure 2.49 forthe omplete surfae and for a setor ontaining a distortion in �gure 2.50.

Figure 2.49: WLI measurement of the 45◦ SU-8 surfae (TU Ilmenau)For the omplete surfae, along the long axis the peak to valley value is RT = 5.45 µmwith an RMS roughness of Rq = 790 nm and along the short axis the peak to valley valueis RT = 6.45 µm with an RMS roughness of Rq = 1.17 µm. The RMS roughness here isprimary to the form distortion of the surfae and not to the real surfae roughness. In thesmaller surfae setion, the RMS roughness is redued to Rq = 374 nm. The maximumpeak to valley value is Rt = 3.34 µm giving an upper estimation limit of the depth of theri�es of less than 3 µm.2.2.7.3 SummaryFor inlined exposure, the angular auray is in the order of ±1◦ over 80% of the surfaeand the ontour within ±3 µm for the inner 90% of the surfae. The lear visible ri�es
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Figure 2.50: WLI measurement of a setor ontaining a distortion (TU Ilmenau)along the light propagation diretion are less than 3 µm from peak to valley. The surfaeRMS roughness is about 350 nm. Finally, the re�etive measurement showed that about
58% of a laser's energy are re�eted on SU-8 surfaes within σ of the laser. The re�etionis distorted by the loal gradients and not by a general ontour of the surfae.2.3 Ultra preision mahining and other fabriation meth-odsThe previous paragraphs presented tehniques to fabriate miniaturized strutures in thikresist with UV lithography. Inlined and multi exposure inrease the degree of freedomof suh strutures and enable new funtionality for example with integrated miro prisms.Other fabriation tehniques for slanted SU-8 strutures are desribed for example byChang et al. [10℄ who used the e�et of overexposure to generate slanted sidewalls with
54◦.In the past deade, photolithography was the main fabriation tehnique for struturesin the regions of several mirons up to a few millimeters. But miro preision mahiningkept advaning and is nowadays in ompetition with lithography in thik resist; free form



38 CHAPTER 2. FABRICATIONsurfaes with position auray of < 0.5 µm and surfae roughnesses Rq < 10 nm formirosale prodution (Breher et al. [2℄) are ahieved with sophistiated tool path methods(Brinksmeier et al. [6℄). The ombination of free form surfaes with optial surfae qualitiesand high auray over large areas enables new miniaturized omponents whih are notpossible in standard photolithography. Figure 2.51 shows a beam splitter master for aparallel onfoal mirosope fabriated by ultra preision mahining, and �gure 2.52 showsthe white light interferometer roughness measurement, both from LFM Bremen. Another

Figure 2.51: Beam splitter master for par-allel �uoresene mirosopy fabriated byultra preision mahining (LFM Bremen) Figure 2.52: White light interferometerroughness measurement of the beam split-ter master, Ra = 4 nm and Rq = 6 nm(LFM Bremen)advantage of preision mahining is the freedom in the hoie of material from metals toPMMA where in lithography additional steps are needed to transfer the pattern of the resistinto another material. But there is still one important drawbak with preision mahining.The geometri freedom of produible strutures is limited by the tool size used. Strutureswith high aspet ratio and little spae in between are still restrited to lithography in thikresist. This limitation is mentioned here beause the diret �ber oupling arrays with apith of 250 µm in the appliation part of this thesis are not produible with ultra preisionmahining at this time.One other interesting tehnique has to be mentioned here: diret laser writing based ontwo photon proesses in resist whih was demonstrated by Sun et al. [51℄. In this method,the resist is exposed by foused 100 fs, 800 nm laser pulses whih only provide enoughintensity for the two photon proesses in the fous region. Deubel et al. [15℄ fabriated 3Dstrutures in SU-8 and showed a minimum struture size of < 200 nm.2.4 ConlusionThree properties are important for onventional mask aligners: intensity in the luminousregion, uniformity, and the angular spetrum. The deisive element is the homogenizer



2.4 Conlusion 39in the foal plane of the elliptial re�etor. Fly's eye ondensers and light rods produeuniform light distributions, but the analysis showed that �y's eye ondensers are the besthoie for illumination systems in lithography. One has to deide how important the threemain properties, mentioned above, are for the proess. In this thesis, the angular spetrumis of more importane than uniformity and power, thus an aperture with r = 8.5 mm wasmounted into the OAI mask aligner. The aperture redues the angular spetrum from
±3.3◦ down to ±1.7◦ while keeping the other parameters in a tolerable region.Photolithography in thik resist and ultra preision mahining enable many new on-epts for miniaturized systems, eah fabriation tehnique with its advantages and disad-vantages. Photolithography in thik resist depends strongly on the exposure dose and thestruture height. In order to determine the exposure dose, the intensity in the resist has tobe alulated aording to the Fresnel oe�ients. Slanted strutures with more than 36◦require index mathing on all interfaes and additional omponents like oupling prisms.A new inlined exposure setup was introdued to redue the handling e�ort and immersionliquid onsumption. Multidiretional exposure, as extension of inlined exposure, furtherinreases the degree of freedom in designing miro strutures.
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Chapter 3RepliationThe previous paragraphs desribed di�erent tehnologies to fabriate miniaturized ompo-nents. None of them is the best hoie onerning large-sale prodution. Repliation teh-niques based on molding are ommonly used for the fabriation of high volumes. Mostly,the mold onsists of a hard material, like metal, as negative form of the desired replia. Inthe repliation proess, the mold is �lled with a temperable or UV urable polymer. Afteruring, the mold is separated from the polymer and one obtains a negative replia of themaster mold. Figure 3.1 illustrates the repliation proess with a UV urable polymer.
Figure 3.1: Repliation proess with a UV urable polymerOne well known repliation tehnique of this kind is injetion molding. The biggesthallenge here is the fabriation of the molding master. Sine a hard material is needed,either preision mahining is applied or photolithography with an additional step to transferthe features into a suitable material.An alternative was presented by Xia and Whitesides in 1998, whih they alled softlithography [56℄. The word Soft Lithography refers to the use of a soft polymer, whihserves as a negative master for ensuing molding operations.In this study diret UV repliation was used to repliate a metal master, a beamsplitter fabriated by ultra preision mahining, in UV adhesive. Soft lithography wasused to repliate lithographially produed strutures.41



42 CHAPTER 3. REPLICATION3.1 Diret UV repliationUV repliation methods use a polymer, whih is ured by UV light. Sine the uring stepis realized with a UV �ash, this method is very attrative for large-sale prodution. Theword 'diret' in diret UV repliation states that the master struture is diretly �lledwith the polymer. Sine most UV urable polymers show similar adhesion to glass andmetal, it is bene�ial to oat the master struture to redue the adhesion with the polymerin the separation step, whih is ritial in UV repliation. Some polymers adhere betterto glass than to metal, like the UV adhesive from Norland NOA 72 and NOA63. If thebond between master and replia is too strong for simple mehanial separation withoutdamaging the strutures, ooling o� the system proved to be helpful beause the thermalexpansion oe�ient αmetal is smaller than the thermal oe�ient of polymers αpoly.Figure 3.2 shows a diret UV repliation from the beam splitter from �gure 2.51. TheUV adhesive used was haraterized with stronger adhesion to glass than to metal butthe separation was still di�ult. It only beame possible by using the di�erent thermalexpansion oe�ients of metal and the polymer.

Figure 3.2: Diret UV repliation from the beam splitter master depited in �gure 2.513.2 Soft LithographyIn diret UV repliation, the fabriated struture has to meet the demands of a replia-tion tool, and is therefore often made of metal or similar hard materials, whereas in softlithography any fabriated struture is suitable, whih an be in priniple repliated by amolding proess. Figure 3.3 illustrates the proess steps of soft lithography with PDMS(tridea�uoro-1,1,2,2-tetrahydrootyl trihlorosilane).



3.2 Soft Lithography 43
Figure 3.3: Fabriation of a PDMS masterIn the �rst step of this proess, PDMS is mixed with a uring agent and put undervauum for outgassing. The result is a lear visous liquid, whih an easily be pouredover the objet to repliate. Side walls are used to keep the PDMS within a ertainvolume. The aging is ahieved by keeping the form at room temperature for 24 hours;higher temperatures derease the aging time. After uring, the PDMS form an be easilyseparated from the master due to its soft harater.The performane of soft lithography in large-sale prodution using PDMS stamps wasdemonstrated reently by Philips and SUSS MiroOptis (Vershuuren et al. [54℄). Theyalled the tehnique 'Substrate Conformal Imprint Lithography' SCIL and haraterizedit on 150 mm wafers with a sub-100 nm resolution and measured pattern distortion overseveral square entimeters of less than 0.01%. Another advantage of soft stamps is thatthe in�uene of small distortions like partiles is loally restrited (see �g. 3.4).

Figure 3.4: In�uene of small distortions on the replia (image from Vershuuren et al.[54℄)3.2.1 Replia measurementsIn his diploma thesis, the student She�elmeier [43℄ haraterized and analyzed the a-uray of soft lithography. He found, that the shrinkage from master to PDMS stamp isabout 1% and the shrinkage from the UV adhesive NOA65 and NOA61 < 2%.



44 CHAPTER 3. REPLICATIONWhile shrinkage is a deterministi e�et, there are more fators that in�uene therepliation results further. Another omparison between double exposed SU-8 struturesand replias with a small applied pressure showed that the size variation is within < 2.5%,but in this ase positive, sine pressure deforms the soft PDMS master, see �gures 3.5 to3.7 and table 3.1.
Figure 3.5: SU-8 Figure 3.6: PDMS Figure 3.7: NOASize mask Size SU-8 Size PDMS Size NOA-61

200 µm 204 µm 209 µm 207 µmTable 3.1: Width variation going from SU-8 via PDMS to NOAIn this measurement, the SU-8 struture was 115 µm high and 204 µm wide. Due to thedouble exposure, the side walls were not perfetly vertial and beame some mirons thikerat the bottom. Sine all measurements were made at the top of the strutures and the topof the PDMS struture is the bottom of its master, the PDMS struture was a bit broader.The NOA struture, a replia from PDMS, orresponded to the original SU-8 strutureand was 3 µm thiker. The reason was the applied pressure of about 0.1 N/cm2 whihwas needed to minimize the remaining urable polymer between strutures and substrate.Sine the auray was su�ient for the intended appliations, the proess was not furtherinvestigated.3.2.2 Bias of repliated struturesOne problem remains with the repliation proess. Due to the soft harater of the stamp,the pressure on the stamp is limited to small fores, otherwise the stamp deforms. However,the pressure has to be high enough to push unneessary polymer aside. The layer ofremaining polymer, whih is not pushed aside, is alled bias. The result of a repliationwithout pressure and a 1.5 cm thik stamp is shown in �gure 3.9.The bias was in the order of 300 µm and varied over an area of 1 cm2 about ±50 µm.In appliations, where the bias has to be as small as possible and variations in height areonly tolerable within some mirons, a solution is needed. The main in�uene on both, the
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Figure 3.8: Top view on a repliated doubleexposed SU-8 struture in UV adhesive Figure 3.9: Side view on a struture repli-ated by a 1.5 cm high PDMS stampbias and the variations in height, omes from the height of the PDMS stamp. A redutionfrom 1 cm to 1.5 mm greatly improved the repliation behavior. The bias dereased from
300 µm to 40 µm. In this experiment, a small ring with 100 gr was set on top of thesubstrate to apply some pressure. In a ontrol experiment for the bias, two substrates wereglued together by the same UV adhesive and the bias measured. The bias was again 40 µm.Figure 3.10 depits a sandwih of a replia on a thin substrate (150 µm thik) whih wasglued on a thiker substrate for handling.

Figure 3.10: Side view on a replia on a thin substrateThe homogeneity of the bias, whih was measured on the four orners of a 1 cm2 square,was within ±14 µm (see �g. 3.11).
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Figure 3.11: Measurement of the bias homogeneity within 1 cm23.3 ConlusionDiret UV repliation and soft lithography are well suited for high volume repliation ofmiro strutures. Diret UV repliation with hard molds is good for large-sale produ-tion as long as the master an be fabriated in the desired material or transfered into it.Depending on the repliation material, non-stik oating is neessary. Cooling after agingsupports the separation step.Soft lithography proved to be a proper repliation tehnique for lithographially fabri-ated strutures from several mirons up to 1 mm. The advantages of the soft master, i.e.the strength of soft lithography, is also a disadvantage beause deformations inrease withhigher strutures. Therefore, the stamp should not be thiker than 2 mm. The bias of thereplia polymer is within 40 µm and depends on the applied pressure and the thikness ofthe PDMS stamp.
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Chapter 4Geometrial optisThe �eld of light propagation methods is mainly divided into three parts: geometrial op-tis, wave optis, and quantum optis. Wave optis base on the Maxwell equations, whihtreat light as an eletro magneti wave and desribe the vast majority of optial phenom-ena. Wave optis are aurate for radiations high enough to omit quantization e�ets andsystems onsiderably larger than atomi dimensions. E�ets, where the dualism of waveand partile behavior of light and its quantization are relevant, are the �eld of quantumoptis.Geometrial optis are a simpli�ation of wave optis, where the wave nature of lightsuh as interferene and polarization e�ets are omitted. The propagation of light is de-sribed by rays whih are perpendiular to a orresponding wave front and ollinear withthe wave vetor. Rays bend, if the refration index hanges and travel straight in all otherases. Despite the signi�ant simpli�ation, geometrial optis are a good approximationwhen the wavelength is small ompared to the size of strutures with whih the light in-terats. The majority of opti design simulations are based on geometrial optis.The development of a ustomized ray traer (RayTrae) was part of this thesis. This wasrequired in order to simulate and to optimize oupling e�ienies between light soures and�bers, and in order to analyze the behavior of GRIN lenses. One spei� harateristi ofthe ustomized ray traer is the ombination of ray traing in the media, and wave optis onboundaries to alulate the energy transfer aording to the Fresnel formula. This hapterovers the generation of rays, re�etion on ustomized surfaes, and the propagation ofrays in inhomogeneous media.4.1 Generation of raysIn illumination simulations, an optial system is often traed with a large number of in-dependent rays (> 1 million), generated by a random method within de�ned boundaries.Other methods are di�erential ray traing and the Gaussian beam approah. Di�erential49



50 CHAPTER 4. GEOMETRICAL OPTICSray traing in homogeneous media (Cox and King [13℄) and in inhomogeneous media (Stoneand Forbes [50℄) trae base rays with orresponding di�erential rays lose to the base rays.The di�erential rays desribe the propagation of light near the base ray and form, togetherwith the base ray, a light path. In the Gaussian beam approah (Cerveny et al. [9℄), aGaussian pro�le is onneted with a ray and traed through the system. A hallenge inboth methods are austis. This thesis desribes another approah. If only the energywithin a ertain aperture is of interest, it is su�ient to weigh eah ray with a orrespond-ing energy and to arrange the rays in a way that a planar surfae would be uniformlyhit by the rays - eah ray with approximately the same distane to its neighbors. Thisdeterministi approah here is fundamentally di�erent from a Monte-Carlo-Simulation.4.1.1 Gaussian point soureThis setion desribes a deterministi way to generate a ray pakage whih produes aGaussian energy distribution on a sreen. It is based on the far �eld approximation of theGaussian beam, whih states that the waist σz of a Gaussian beam expands linearly:
σz ≈ λ · z

σ0
. (4.1)Here, a Gaussian point soure is a point soure whih generates a Gaussian energy distri-bution on a sreen in distane r from the point soure; the surfae normal of the sreen isparallel to the optial axis and the sreen is entered on the optial axis (�g. 4.1).

Figure 4.1: Illustration of the setup for the Gaussian point soureThe Gaussian energy distribution is attainable by two methods. Either every ray startswith the same energy and the density of the rays on the sreen determines the intensity, orthe rays are uniformly distributed over the sreen and the energy of eah ray is adapted.The seond approah requires two steps: uniform ray distribution on a plane and theweighting of rays. The uniform ray distribution on a plane is solved by the opti simulationsoftware Zemax with the following algorithm.A enter ray is surrounded by onentri rings. All rings have the same distane to eahother. The �rst ring starts with m points equally distributed over 2π. Every following ringwith Prn+1 points has m more points than the previous one with Prn points.Prn+1 = Prn + m (4.2)



4.1 Generation of rays 51The total number of points P as a funtion of the number of rings Nrings is given by:
P (Nrings) = 1 +

Nrings
∑

i=1

i · m (4.3)In the following, this method with m = 6 is referred to as the `hexa'-method. In thismethod soure rays are determined by the largest soure angle ϑmax and the numberof desired rings. The largest soure angle de�nes the outer ring with radius rmax on asreen entered on the optial axis with the optial axis as normal vetor. The other ringradii (Nrings − 1) are equally distributed between 0 and rmax. On eah ring, the rays areequally arranged over 2π. The ray distribution in hexa-mode is illustrated in �gure 4.2 for
Nrings = 6 and m = 6.In the hexa-mode, the angles of the soure are only sampled by the number of rings
Nrings. If the energy transfer through a onentri aperture is to be determined, a largenumber of rings is needed and therefore a large number of rays has to be traed.A better sampling of the soure's angles is ahieved in the helix-mode. While in thehexa-mode all rays are equally distributed in 2π along the ring, eah ray of the ring with thesame radius. In the helix mode, the rays are still equally distributed in 2π along the ring,but the radius for eah ray inreases in onstant steps from rn−1 to rn. The helix-mode isdepited in �gure 4.3 also for Nrings = 6 and m = 6.

Figure 4.2: Hexa-mode: ray distribution ona sreen with m = 6 and N = 6
Figure 4.3: Helix-mode: ray distribution ona sreen with m = 6 and N = 6While the hexa-mode looks quite uniform, the helix-mode does not. The rays are moreompat in the middle than in the border area.For an estimation of the auray of the two methods in omparison with a Gaussianintensity pro�le, the energy inside a onentri aperture with distane da from the soureis alulated analytially and ompared with the ray trae result for di�erent numbers ofrings Nrings. The radius of the aperture is set to ra = σ

2
.



52 CHAPTER 4. GEOMETRICAL OPTICSIn Fourier optis, the Gaussian funtion is de�ned as
g1 (x) =

1

σ
e−π( x

σ)
2 (4.4)with

∫

1

σ
e−π( x

σ)
2

dx = 1. (4.5)In 2 dimensions, the gaussian funtion for σx = σy is
g2 (x) =

1

σ2
e−

π

σ2 (x2+y2). (4.6)The enirled energy is alulated by
Erev =

1

σ2

∫ 2π

0

∫ σ
2

0

e−
π

σ2 r2

r dr dφ (4.7)
Erev = 1 − e−

π

σ2 (σ
2 )

2

Erev = 1 − e−
π
4

Erev = 0.54406.The normalized referene energy within an aperture of ra = σ
2
is 0.54406.The rays generated by the ray traer are within a ertain angle ϑmax. This angledetermines the radius of the outer ring Rmax on the sreen and it also orresponds to σ ofthe Gaussian weight funtion. After all rays are generated, the total energy of all rays isnormalized to 1. In the simulation in �gure 4.4 an aperture was set right in front of thesreen with an aperture size of Rmax/2. The energy behind the aperture was simulatedfor the hexa, the helix, and a mixed mode (hexa + helix)/2 with inreasing Nrings. Sinethe ray traer only simulates rays within σ, the results were one more normalized by

1 − e−π ≈ 0.9568, the energy within σ of the Gaussian weight funtion.The �gures show that both modes onverge towards a value near the referene, thehexa-mode from the bottom, the helix-mode from the top. The osillations of the hexa-mode are a result of their ring struture, either a omplete ring is ut o� by the aperture ornot. The similar onverging behavior from two sides suggests a ombination of both modesinto a mixed mode. The relative error (see �g. 4.5) of the mixed mode for NRings > 40 issmaller than 1% (NRings = 40 in mixed-mode equals to less than 10k rays).4.1.2 Gaussian area soureThe previous setion presented a deterministi way to simulate a Gaussian point sourewith a pakage of rays. This is a fair approximation for a point soure in the far �eld likeVCSEL. For the simulation of area soures, like the end surfae of a �ber, a new Gaussianarea soure is needed.
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Figure 4.4: Comparison between hexa, he-lix, and mixed mode of the ray traer withthe analytial referene 0.54406
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Figure 4.5: Relative error: hex, helix, andmixed modeA �ber, in a �rst approximation, is a ylindrial light rod whih uniforms a given lightdistribution by onvolution (see setion 2.1.4 on page 17). Every point on the end surfaeof the �ber is therefore an image of the soure. If a Gaussian beam is oupled into the�ber, eah light soure on the end surfae is also a Gaussian point soure. The �nallight distribution L is then given by the superposition of all Gaussian point soures whihorresponds to a onvolution of the �ber ore surfae Afiber with the Gaussian funtion g2:
L (x, y) = cnorm · g2 (x, y) ∗ Afiber (x, y) (4.8)with

Afiber (x, y) =















1, if √x2 + y2 ≤ rf

0, else ,

cnorm to normalize the total output, and the �ber ore radius rf .Aordingly, the rays in the ray traer for an area soure are generated in 3 steps: gen-eration of a uniform point distribution on the surfae (hexa, helix, or mixed), replaementof eah point by a point soure, and normalizing of the energy. Gaussian point souresand the generation of uniform point distribution in a ertain area were already desribedin the previous setion. Area soures, generated by this method, are shown for Nrings = 3in the �gures: hexa-mode 4.6, helix-mode 4.7, and mixed-mode 4.8.For validation, the following system is traed: area soure rf = 31.25 µm, ϑsrc = 12.5◦ ,aperture size ra = 25 µm in di�erent distanes d from the sreen, and the results omparedwith the referene value.The referene value for a ertain propagation distane d through an aperture ra isalulated by setting σ of the Gaussian funtion to σ = tan (ϑmax) · d on the sreen,onvolution of g2 with the �ber ore area Afiber, normalization of the energy on the sreen
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Figure 4.6: 2D hexa-mode −0.02
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Figure 4.7: 2D helix-mode −0.03
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Figure 4.8: 2D mixed-modeto 1, and aumulation of all energy distributions within the aperture with radius ra.
Eref =

∫∫

Aperture

[cnorm · (g2 (σ, x, y) ∗ Afiber (x, y))] dx dy, (4.9)with
Aaperture (x, y) =















1, if √x2 + y2 ≤ ra

0, else .
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Figure 4.10: Area sourewith σo, d = 250 µm
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Figure 4.11: Area sourewith σo, d = 500 µmIn this omparison, the rays of a Gaussian point soure were generated within σo ofthe Fourier opti Gauss funtion (see formula 4.4). In praxis, the angular harateristisof VCSELs are often given by an angle ϑmax and an appendix whih states: 1
e2 . Therefore,the rays for VCSEL soures have to be generated with another σ, the tehnial σv:

σv =

√

2

π
σo (4.10)To evaluate, if another σ hanges the results of the omparison, the validation wasrepeated with σv and is shown in the �gures 4.12 to 4.14.
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Figure 4.13: Area sourewith σv, d = 250 µm
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Figure 4.14: Area sourewith σv, d = 500 µmThe omparisons show equal behavior for both σ. The question, whih method (hexa,helix, or mixed) is the best hoie, depends on the number of rays passing the aperture. Forhigh ray ounts, the mixed mode performs better. The hexa-mode again beomes betterwith low ray ounts passing the aperture. In summary, for the desribed examples, thesimulation auray of the area soure is within ±2% for Nrings ≥ 4.4.1.3 Number of generated raysThe previous omparisons between the di�erent ray generation modes, hexa, helix, ormixed, ompared the number of rings and not the number of total rays generated. Sinethe latter determines the omputation time, this paragraph brie�y desribes the relationof generated rays to the number of rings for 1D and 2D soures.The relation for 1D soures is depited in �gure 4.15 while �gure 4.16 depits therelation for 2D soures. In the 1D ase, the number of generated rays for the mixed modeis twie the rays generated by helix or hexa mode. In the 2D ase, the number of generatedrays for the mixed mode is four times the rays generated by helix or hexa mode.
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Figure 4.15: Total number of generated raysfor point soures in the di�erent modes 1 2 3 4 5 6 7 8 9 10
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Figure 4.16: Total number of generated raysfor point soures in the di�erent modes



56 CHAPTER 4. GEOMETRICAL OPTICSIn summary, the mixed mode still improves the auray, onsidering equal numbers ofgenerated rays. For 2D soures and restritive apertures, the hexa mode performs best.4.2 Customized surfaesThe intersetion of rays with surfaes is the ore of every ray traer, but not every surfaeis available. For the simulation of oupling e�ienies and its optimization, re�etions onthe inside of slanted ylinder and ellipsoids will be desribed in the following setion.4.2.1 Slanted ylinderThe surfae of a slanted ylinder is desribed by
~Pc = ~rc + β · ~sc + Rc
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(4.11)
and depited in �gure 4.17.
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yFigure 4.17: Slanted ylinder with sc = (0 , 1 , 1) and Rc = 14.2.1.1 IntersetionA straight line with ~G = ~rg + λ · ~sg intersets with the ylinder if ~Pc = ~G.
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~rg + λ · ~sg = ~rc + β · ~sc + Rc
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0 = λ · ~sg − β · ~sc − Rc
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+ (~rg − ~rc) . (4.12)The z-omponent gives a ondition for λ:
λ · sgz − β · scz + (rgz − rcz) = 0

λ · sgz − β · scz + rdgcz = 0

λ =
β · scz − rdgcz

sgz

(4.13)with rdgcz = (rgz − rcz).Here, a ase di�erentiation is needed. If sgz = 0, the straight line is within the xy-plane,otherwise the general ase has to be alulated.In the ase sgz = 0 the ondition from the z-omponent is simpli�ed to
rgz = rcz + β · sczand one derives the ondition for β with

β =
rgz − rcz

scz

. (4.14)With β, the o�set enter point of the ylinder Pco is
~Pco = ~rc + β · ~sc (4.15)and the start equation ~Pc = ~G beomes

~rg + λ · ~sg − ~Pco = Rc
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58 CHAPTER 4. GEOMETRICAL OPTICSTaking the square of the equation and a substitution of ~p = ~rg − ~Pco, it beomes
(λ · ~sg + ~p)2 = R2

c

λ2 (~sg)
2 + 2λ (~sg · ~p) +

(

(~p)2 − R2
c

)

= 0,a standard quadrati equation whih delivers λ1 and λ2.In the general ase with
~Rc = Rc
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the equation ~Pc = ~G beomes
λ · ~sg − β · ~sc − ~Rc + ~rdgc = 0

β · scz − rdgcz

sgz

· ~sg − β · ~sc − ~Rc + ~rdgc = 0

β ·
(

scz

sgz

· ~sg − ~sc

)

− ~Rc + ~rdgc −
rdgcz

sgz

· ~sg = 0

β ·
(

scz

sgz

· ~sg − ~sc

)

= ~Rc − ~rdgc +
rdgcz

sgz

· ~sgwith ~q = ~rdgc − rdgcz

sgz
· ~sg

β ·
(

scz

sgz

· ~sg − ~sc

)

= ~Rc − ~q. (4.17)Splitting this equation in the x and y omponent and with ax =
(

scz

sgz
· sgx − scx

) and
ay =

(

scz

sgz
· sgy − scy

) one derives the two equations:
β · ax = Rc cos t − qx (4.18)
β · ay = Rc sin t − qy. (4.19)

β1 and β2 result from the following quadrati equation
R2

c = (β · ax + qx)
2 + (β · ay + qy)

2

0 = β2
(

a2
x + a2

y

)

+ β · 2 (axqx + ayqy) +
(

q2
x + q2

y − R2
c

) (4.20)and deliver λ1 and λ2 by inserting them into equation 4.13.



4.2 Customized surfaes 594.2.1.2 Re�etionThe law of re�etion determines the new diretion vetor ~s2 of a ray as funtion of itsdiretion ~s1 and the surfae normal ~N

~s2 = ~s1 − 2
(

~s1 · ~N
)

· ~N. (4.21)The tangential vetors on a surfae given by an equation in parameter form are derived byderivation of the equation to its parameters. The tangential vetor for a slanted ylinderin respet to β and t are:
~t1 = ~sc

~t2 =
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.

The normal vetor ~N results from the ross produt ~N = ~t1 × ~t2

~N = ~sc ×

















− sin t
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. (4.22)
This equation requires the alulation of parameter t for the point of intersetion. Startingwith the two equations 4.18 and 4.19 whih an be written as

β1 · ay + qy

β1 · ax + qx

=
Rc sin t

Rc cos t

tan t =
β1 · ay + qy

β1 · ax + qx

.

t1 and t2 are derived by the atan2 funtion
t1 = atan2 (β1 · ay + qy , β1 · ax + qx) (4.23)
t2 = atan2 (β2 · ay + qy , β2 · ax + qx) . (4.24)The parameters t1 and t2 are also useful in order to deide whih of the two intersetionpoints are of interest, simply by hoosing the quadrant of interest.This onludes the desription of the slanted ylinder.



60 CHAPTER 4. GEOMETRICAL OPTICS4.2.2 EllipsoidAn ellipsoid is the 3D version of an ellipse. It is desribed in 2 ways: the parametri form
(x

a

)2

+
(y

b

)2

+
(z

c

)2

= 1 (4.25)or by its axises ~sx, ~sy, ~sz, and an o�set point ~Po

~sx = a
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, ~sz = c

















0

0

1

















. (4.26)
The �rst desription is useful for the alulation of the normal vetor ~N and the seondone simpli�es the alulation of the intersetion with a ray.4.2.2.1 IntersetionThe intersetion of a ray with an ellipsoid is simpli�ed by a mathematial trik, whihsales the ray in a way that the intersetion with the ellipsoid equals the intersetion witha sphere and the saled ray.Let T be a matrix omposed of the three axis vetors ~sx, ~sy, and ~sz multiplied with arotation matrix D whih is used to rotate the ellipsoid in any diretion

T = D · [~sx ~sy ~sz] (4.27)with D being any ombination of the three rotation matrix
Dx =
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.(4.28)The position vetor ~rg and the diretion vetor ~sg of the ray are transformed by
~rgT = T

−1 ·
(

~rg − ~Po

) (4.29)
~sgT = T

−1 · ~sg. (4.30)Now, only the intersetion of the transformed ray with a sphere with R = 1 has to bealulated
|~rgT + λ~sgT |2 = 1

λ2 (~sgT )2 + 2λ (~rgT~sgT ) + (~rgT )2 − 1 = 0



4.3 Energy transfer 61and the derived λ1 and λ2 inserted into the original ray equation
~P = ~rg + λ · ~sg (4.31)to get the intersetion points.4.2.2.2 Re�etionThe normal of the surfae at the intersetion point Pi is derived by rotating and movingthe point Pi in suh a way bak that the orresponding ellipsoid is rotated and moved intothe origin with its axis parallel to the axis of the oordinate system

~PiT = D
−1 ·

(

~Pi − ~Po

)

. (4.32)The normal to the transformed ellipsoid is given by the gradient of formula 4.25 and theinsertion of the transformed point ~PiT

~NT = ~∇
[

(x

a

)2

+
(y

b

)2

+
(z

c

)2

− 1

]

~NT =

(

2 · Pix

a

)

~ex +

(

2 · Piy

b

)

~ey +

(

2 · Piz

c

)

~ez. (4.33)In the last step, ~NT has to be rotated bak and normalized
~Ne = D · ~NT

~N =
Ne

|Ne|
. (4.34)The harateristi of an ellipsoid, in whih all rays oming from a point soure in the�rst foal point are re�eted into the seond foal point, is now used to validate the formulaand the implementation. Figure 4.18 shows the predited behavior.4.3 Energy transferThe transmissivity and re�etiviy on index boundaries was already disussed in setion2.2.4.2 on page 26 for plane waves. Rays an be seen as a simpli�ed representation ofwave fronts arrying a ertain energy E. For eah interation with index boundaries, theenergy of the ray has to be realulated. Depending on the polarization, and if re�etionor transmission is regarded, the energy is adjusted by

Er⊥,|| = Ei ·
(

r⊥,||

)2 (4.35)
Et⊥,|| = Ei ·

(

t⊥,||

)2 ntcosθt

nicosθi

(4.36)
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Figure 4.18: RayTrae simulation of a pointsoure positioned in the foal point of an el-liptial mirror (on the bottom) whih per-fetly fouses the rays into the seond foalpoint
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Figure 4.19: Top view
and for unpolarized light by

Er = Ei ·
1

2

(

r2
⊥ + r2

||

) (4.37)
Et = Ei ·

1

2

(

t2⊥ + t2||
) ntcosθt

nicosθi

. (4.38)with Ei being the energy of the inident ray. The di�erenes of the energy transfer regardingthe transmission of parallel rays through a prism with two di�erent orientations are depitedin �gure 4.20.4.4 Inhomogeneous mediaRay traing in inhomogeneous media is based on solving the ray equation. Analytialsolutions are only known for some gradient index distributions, while general distributionsare solved by numerial methods. Montagnino desribed a numerial method whih isappliable to any kinds of gradients in 1968 [39℄. In 1982, Sharma developed an improvedmethod, whih redues the omputation e�ort [45℄. The new method is based on an alter-native desription of the ray equation, whih an now be solved with a standard numerialmethod for ordinary di�erential equations. The method developed by Sharma depends ona variable τ desribing the ray propagation through the media and does not diretly dependon the variables x, y, z making it di�ult to follow a ray to a ertain point or plane inspae. Brenner showed in his leture `Computational optis' [3℄ that the ray equation analso be parametrized in z instead of τ . He also further expanded the method to obtain theoptial path length with the same iteration method.
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Figure 4.20: Ray trae through two 30◦ prisms with the transmitted energy for p ands-polarization Tp and Ts, and for unpolarized light: Energy = 1
2
(Ts + Tp).The following paragraphs will desribe the ray equation, the adaption to the Runge-Kutta methods, and the parametrization in z instead of τ . Finally, the method fromSharma and Brenner are ompared in terms of auray using an equal number of iterationsteps for di�erent gradient index media.4.4.1 The Ray EquationIn inhomogeneous media, the refration index n depends on the loation ~r.

n = n (~r) (4.39)The optial path length L is given by
L =

∫

n ds (4.40)with ds = d |~r|. Expansion by ds = dt · ds/dt and ds/dt = v leads to
L =

∫

n · v dt. (4.41)Fermat's priniple of least time demands: L → min. This leads to an Euler-Lagrangeequation, F = F (rj, vj , t), j = x, y, z, with the ray equation as solution:
d

ds

(

n
d~r

ds

)

= ~∇n. (4.42)



64 CHAPTER 4. GEOMETRICAL OPTICSThe substitution of
ds = n · dτ (4.43)hanges the ray equation into

d2~r

dτ 2
= n · ~∇n, (4.44)a seond order di�erential equation.4.4.2 The Runge-Kutta methodAround 1900, C. Runge and M.W. Kutta developed an important family of iterative meth-ods for the approximation of ordinary di�erential equations, alled the Runge-Kutta meth-ods. They are desribed at length by Buther [7℄ and approximate equations of the kind

d~y

dx
= ~f (x, ~y) (4.45)in their fourth order (RK4) with the step length h by

~k1 = h · ~f (xn, ~yn))

~k2 = h · ~f

(

xn +
h

2
, ~yn +

~k1

2
)

)

~k3 = h · ~f

(

xn +
h

2
, ~yn +

~k2

2
)

)

~k4 = h · ~f (xn + h, ~yn + k3)

~yn+1 = ~yn +
1

6

(

~k1 + 2~k2 + 2~k3 + ~k4

)

. (4.46)4.4.3 Adaption for the ray equationThe ray equation is an ordinary di�erential equation of seond order while the Runge-Kutta method solves equations of �rst order. An adaption of RK4 solves this problem bystaking ~y ′ and ~y ′′
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4.4 Inhomogeneous media 65For the ray equation, y′ orresponds to d~r
dτ

whih is derived by the following onsiderations:
~v =

d~r

dt
=

d~r

ds
· ds

dt
= v · d~r

ds
d~r

ds
=

~v

v
= ~s (4.48)

d~r

dτ
=

d~r

ds
· ds

dτ
=

d~r

ds
· n

d~r

dτ
= n · ~s

d~r

dτ
= ~t. (4.49)

~s is the diretion vetor of the ray and ~t = ~s · n; both are known for the initial ray.4.4.4 Optial path lengthThe optial path length L of rays in inhomogeneous media an also be derived by anordinary di�erential equation whih is again solved by RK4:
L =

∫

n dswith the de�nition of dτ = ds
n
(formula 4.43), the equation beomes

L =

∫

n2 dτor
dL

dτ
= n2. (4.50)4.4.5 Propagation stepsSine the RK4 method depends on dτ , the propagation to a �xed plane at a ertain zrequires additional e�ort. A desription with step length dz rather than dτ is desirable.Brenner [3℄ desribed a new parametrization in z instead of τ , whih is brie�y repeatedhere.With the transposition of the equation 4.49, regarding only the z-omponent of ~r

d~r

dτ
= ~t

drz

dτ
= tz (4.51)



66 CHAPTER 4. GEOMETRICAL OPTICSand dτ = dτ
drz

· drz with dτ
drz

= 1
tz
one obtains

dτ =
1

tz
drz. (4.52)This transformation allows to propagate all rays exatly to the same z-plane without addi-tional e�ort. But there is also one disadvantage. While the step size along one ray path isonstant using dτ , the step size with dz is not, getting longer with inreasing propagationangles, whih might redue the auray. This will be disussed in the omparison withSharma's method.4.4.6 Computational shemeThe start vetor ~Y0 is given by the start position of the ray ~r0 and the vetor ~t0 whih isalulated by multiplying ~s0 by n(~r0).
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. (4.53)The iteration is then
~Yn+1 =
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(4.54)and with the parametrization in dz instead of dτ sine dτ = dz/tz
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. (4.55)
Example: Luneburg lens The Luneburg lens is a spherial symmetri struture witha refration index distribution of:

n (~r) =

√

2 −
(

~r

R

)2 (4.56)



4.4 Inhomogeneous media 67It fouses every inoming ray, parallel to the optial axis, on its bak surfae. In thefollowing, a two dimensional Luneburg lens will be traed by the adapted RK4 method,derived from the previous setions. The start vetor is
Y0 = (x0 , z0 , tx0 = 0 , tz0 = 1 , L0 = 0) (4.57)and the iteration vetor in z parametrization for the adapted RK4 method is
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. (4.58)
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Figure 4.21: Ray trae of a Luneburg lens with the adapted RK4 methodThe trae, depited in �gure 4.21, demonstrates the orretness of the adapted method.All parallel rays are foused perfetly onto the bak surfae at z = R.



68 CHAPTER 4. GEOMETRICAL OPTICS4.4.7 Comparison between Sharma's and Brenner's methodSharma ompared his method to Montagnino's method in a refrative-index distributiongiven by
n (z) = n0 − γz (4.59)with n0 = 1.55 and γ = 0.2. He traed a ray starting at ~r0 = ~0 with a ertain angle ϑin the xz-plane and ompared the numerially estimated position with the analytial oneat z = 2, one for his method and one for Montagnino's method. Sine his method isparameterized in τ he had to take the analytially alulated τend for z = 2 as refereneposition.For a omparison between Sharma and Brenner, Sharma's refrative index distributionis taken and his method is ompared one with Brenner's τ parametrization to qualify thenumerial auray and one with the z parametrization. In order to ompare the methodson exat the same position, τref is alulated from the analytial solution. This omparisonis repeated for a seond index distribution, the Luneburg lens.The analytial solutions are given in the next paragraphs, followed by the omparisonbetween the methods of Sharma and Brenner for di�erent numbers of steps.4.4.7.1 Analytial solution for n (z) = n0 − γzConsidering a ray starting at ~r0 = ~0 under a ertain angle ϑ in the xz-plane, the di�erentialequation of seond order is one solved for the x-omponent and one for the z-omponent.The solution is parametrized in τ

~r(τ) =

















n0 sin (ϑ) · τ

0

C1 · eγτ + C2 · e−γτ + C3

















(4.60)
with the parameters C1, C2 and C3

C1 =
n0

γ
(cos ϑ − 1) (4.61)

C2 = −n0

γ
(cos ϑ + 1) (4.62)

C3 =
n0

γ
. (4.63)



4.4 Inhomogeneous media 69In the following omparison, the ϑ of Sharma is used, ϑ = 17◦27′. For the given parameters,the analytial solution delivers:
~r (τend) =

















0.740920295008490

0

2

















(4.64)
with τend = 1.594049613977570.4.4.7.2 Analytial solution for the Luneburg lensThe Luneburg lens distribution fouses inoming parallel light onto the bak surfae of thesphere with radius RL (see �gure 4.21). The analytial solution for a ray in the xz-plane,starting parallel to the z-axis, is given by

~r(τ) =
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. (4.65)
Considering a Luneburg lens positioned at the origin with radius RL = 5 and inomingparallel light to the optial axis z, the ray's x-position at z = 5 has to be x = 0.4.4.7.3 ComparisonThe methods are ompared for two refrative index distributions: Montagnino's andSharma's distribution from formula 4.59 desribed in the previous paragraph and onefor the Luneburg lens. Eah omparison shows both methods with τ parametrization inorder to ompare the position auray, but also one for Brenner's z-parametrization inorder to show the advantages and disadvantages of the new parametrization. The positionerror is alulated as

Poserror =

√

(xnum − xref)
2 + (znum − zref)

2. (4.66)All omparisons are based on the ahieved position auray in relation to the number ofiteration steps for eah method.Sharma's refrative index distribution Figure 4.22 depits the ray path through theinhomogenous media with n(z) = 1.55 − 0.2z and �gure 4.23 shows the position auray
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Figure 4.22: Ray path of a ray starting with
ϑ = 17◦27′ with the z-axis at z = 0 in themedia n(z) = 1.55 − 0.2z
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Figure 4.23: Parametrization in z and τ :position error at z = 2 of a ray launhedat an angle of ϑ = 17◦27′ with the z-axisat z = 0 as a funtion of the number ofiterations.of both methods with τ parametrization and also one for Brenner's RK4 method withz-parametrization.The omparison shows that Brenner's RK4 method with both parametrizations isslightly in the lead in terms of position auray for the regarded media.Luneburg lens The referene ray starts on the surfae of the Luneburg sphere with ~r0 =
(

x0, z0 = −
√

R2
L − x2

0

) for x0 = 2 and for x0 = 4.5 to ompare paraxial and nonparaxialbehavior of the methods. Figure 4.24 depits the position auray for x0 = 2 and �gure4.25 for x0 = 4.5.While Brenner's RK4 method performed better in Sharma's media, Sharma's methodis slightly better for the Luneburg lens onsidering only the τ parametrization. The z-parametrization of Brenner's RK4 performs better for paraxial rays, but worse for non-paraxial rays. The reason lies within the di�erent step sizes. While the step size in a τparametrization is onstant along the ray path, the step size in z-parametrization is not,making larger steps with inreasing ray angle to the z-axis. The small dip of Brenner'sRK4 method with z-parametrization at iteration step 7 for x0 = 2 marks a sign hange ofthe omputed x-position.Summary Two methods for ray traing in inhomogeneous media are ompared: Sharma'smethod and Brenner's RK4 method. Both methods use an adapted form of the ray equa-tion whih allows a numerial solution using the Runge-Kutta method. In the standardparametrization in τ , both methods perform equally in terms of position auray andomputational e�ort. The important advantage of Brenner's method omes with the newparametrization in z, whih allows aurate ray traing to de�ned positions in spae. Care
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Figure 4.24: Paraxial position error at thebak surfae of the Luneburg lens sphere at
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Figure 4.25: Non paraxial position error atthe bak surfae of the Luneburg lens sphereat z = 5. The onsidered ray starts on thesphere with x0 = 4.5 and z0 = −
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0parallel to the z-axis.has to be taken with the z-parametrization in media where rays reah high propagationangles to the z-axis, beause the step size is not onstant with the ray path but with z.4.5 ConlusionDi�erent aspets of a ustomized ray traer were desribed in this hapter. The determin-isti generation of rays with point and area soures was simulated and ompared with theorresponding analytial solution. For reasonable ray ounts, far below the needed raysof Monte-Carlo-Simulations, the error is within ±2%. The intersetion and the re�etionof rays on the inner side of two ustomized surfaes, the slanted ylinder and the ellip-soid, were derived analytially. A harateristi of the ustomized ray traer is the orretalulation of the energy transfer on eah boundary aording to the Fresnel oe�ients.The propagation of rays in inhomogeneous media is desribed by the ray equation thatwas numerially solved with an adapted Runge-Kutta algorithm and illustrated with theLuneburg lens as an example. Sharma desribed this method for a parametrization in τwhile Brenner showed that the method an also be parametrized in z. A omparison showsthat both methods perform equally in position auray onsidering the τ -parametrization.The important advantage of Brenner's method omes with the z-parametrization whih al-lows aurate ray traing to de�ned positions in spae with the ost of a possible loss ofauray due to the non-onstant step length along the ray path.
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Chapter 5Salar wave optisWave optis are based on the Maxwell equations and desribe the vast majority of optialphenomena. In homogeneous dieletri media the wave equation
∆ ~E +

µǫ

c2

..

~E = 0 (5.1)with the monohromati plane wave as solution
~E (~r, t) = ~E0 · ei~k~r−ωt (5.2)and

k =
2π

λ
(5.3)is used to derive a formula for the propagation of light:

~E (~r, t) = ~E0 · ei(kx·x+ky·y+kz·z−ωt). (5.4)Negleting the temporal and vetorial harater of light, aeptable in homogeneous mediafor small boundary ondition areas in respet to the area the wave is passing (Goodman[23℄), one obtains:
u (~r⊥, z) = u0 · ei(~k⊥~r⊥)eiz

√

(nω
c )

2
−~k2

⊥ (5.5)and with u (r⊥, 0) = u0 · ei(~k⊥~r⊥)

u (~r⊥, z) = u (~r⊥, 0) eiz

√

(nω
c )

2
−~k2

⊥. (5.6)This equation desribes the propagation of a monohromati plane wave in z diretion.In the following setions, salar propagation methods based on the priniple of planewave deomposition will be presented: Rayleigh & Sommerfeld, Fresnel, and Fresnel in aseondary representation, here alled QFQ method. For eah method, a formula for themaximum or minimum propagation length zmax,min will be derived, and the transition fromnear to far �eld analyzed. The �nal setion deals with light propagation in inhomogeneousmedia simulated by the beam propagation method and wave propagation method and theirrestritions. 73



74 CHAPTER 5. SCALAR WAVE OPTICS5.1 Salar propagation methodsBy the priniple of plane wave deomposition, any given light �eld distribution an beregarded as a superposition of plane waves. The propagation of light from z0 = 0 to zis then given by the deomposition of the light distribution u at z0 = 0, the propagationof eah planar wave aording to formula 5.6, and the superposition of all plane wave atdistane z.5.1.1 Rayleigh and Sommerfeld di�ration integralWithout approximations one obtains the Rayleigh and Sommerfeld integral
u (~r⊥, z) =

∫∫

ũ
(

~k⊥, 0
)

· eiz

√

(nω
c )

2
−(~k⊥)

2

· ei(~k⊥~r⊥) d2k⊥

(2π)2 (5.7)with k2
⊥ =

(

k2
x + k2

y

) and ũ = F (u), F symbolizes the Fourier transform. The variables kx,yare alternatively expressed by the frequeny omponents νx,y via the equation kx,y = 2πνx,y.The method is also alled plane wave spetrum, short PWS. The propagation multiplier
PPWS = eiz

√

(nω
c )

2
−(~k⊥)

2 (5.8)is alled the propagator of the PWS method.5.1.2 Fresnel di�ration integralThe Fresnel method is an approximation of the PWS method. The Fresnel propagator PFis obtained by the following approximation of the PWS propagator:
P = ei z

√
(n k0)

2−k2
⊥

= e
i z n k0

√

1−
k2
⊥

(n k0)2

≈ e
i z n k0

(

1−
k2
⊥

2(n k0)2

)

PF = ei z n k0 e
−i z

k2
⊥

2n k0 . (5.9)The square root approximation √
1 + ǫ ≈ 1 + ǫ

2
is valid if ~k⊥

n k0
<< 1. With the Fresnelpropagator the propagation integral beomes:

u (~r⊥, z) = ei z n k0

∫∫

ũ
(

~k⊥, 0
)

· e−iz
k2
⊥

2n k0 · ei(~k⊥~r⊥) d2k⊥

(2π)2
. (5.10)This equation is known as the Fresnel di�ration integral.



5.2 Numerial restritions of the salar propagation 755.1.3 QFQ - Fresnel transformationEquation 5.10 is an inverse Fourier transform of a produt. This orresponds to a onvo-lution integral
u (~r⊥, z) =

∫∫

u (~r′⊥, 0) GF (~r⊥ − ~r′⊥, z) d2r′⊥ (5.11)with
GF (~r⊥, z) = ei z n k0

∫∫

e−iπ z λ ν2
⊥ · e2πi~ν⊥ ~r⊥ d2ν. (5.12)

GF represents a Fourier integral of a square phase whih an be analytially derived andone obtains the Fresnel integral in position spae.
u (~r⊥, z) =

−i

λ z
· ei n k0 z

∫∫

u (~r⊥
′, 0) eiπ 1

λ z
(~r⊥−~r⊥

′)2d2~r⊥
′. (5.13)When exluding one square phase fator the integral beomes:

u (~r⊥, z) =
−i

λ z
· ei n k0 z · eiπ

r2
⊥

λz ·
∫∫

u (~r⊥
′, 0) · eiπ

r′
⊥

2

λz · e−2πi 1
λz

~r⊥~r⊥
′

d2~r⊥
′. (5.14)Care has to be taken after the �rst Fourier transformation with ~ν⊥ = ~r⊥

λz
beause the axisis now saled with λz.This propagation method will be referred to as the QFQ method, whih stands for:produt with a square phase, Fourier transformation, and a seond produt with a squarephase. The QFQ method is named after the German word for `square' whih is `Quadrat'.5.2 Numerial restritions of the salar propagationDuring disretization of u (x, y) one has to hose a suitable dx and a suitable dy, whihare in the following equalized dx = dy. The seletion of dx also de�nes the disretizationin the Fourier spae dν

dν =
1

N dx
(5.15)with N being the sampling number. Due to the anti proportional relation between dxand dν, a �ner sampling in the spatial domain auses a rougher sampling in the frequenydomain. The only way to inrease the resolution in the frequeny domain is by inreasing

N onsidering the same �eld size W .5.2.1 Evanesent limitThe PWS propagator term
PPWS = eiz

√

(nω
c )

2
−(~k⊥)

2 (5.16)



76 CHAPTER 5. SCALAR WAVE OPTICSfrom equation 5.8 determines the evanesent limit
(nω

c

)2

≥
(

~k⊥

)2

(

n

λ0

)2

≥
(

ν2 + µ2
)

1

λ2
≥ R2

ν

⇒ Rνmax
=

1

λ
(5.17)with the wavelength λ in the media. The frequeny radius Rνmax

orresponds to wavespropagating with wavelength λ at 90◦ in the spatial domain.5.2.2 Maximum propagation lengthThe PWS propagator is an osillating funtion with inreasing frequeny for higher νs. Itis depited for two di�erent propagation lengths z in the �gures 5.1 and 5.2.
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Figure 5.1: Real part of the propagator for
z = 10 µm
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Figure 5.2: Real part of the propagator for
z = 60 µmAording to the Nyquist theorem, the sampling frequeny has to be higher or equalthan twie the highest frequeny of the sampled funtion

fsample ≥ 2 · fmax. (5.18)As the sampling frequeny is �xed at dν, z is limited to a ertain zmax. Higher zmax willause sampling errors in the outer frequeny regions.A ondition for the highest or lowest propagation length z without sampling errors willbe derived in the following for the PWS propagator PPWS, the Fresnel propagator PF , andthe QFQ propagator PQFQ.



5.2 Numerial restritions of the salar propagation 775.2.2.1 zmax of the PWS propagatorThe loal frequeny of a funtion is de�ned as
f =

1

2π

dφ

dq
(5.19)with the angular funtion φ and the variable q. The angular funtion of the PWS propa-gator is

φ = z

√

(nk0)
2 − k2

⊥

φ (q) = z

√

(nk0)
2 − (2πq)2 (5.20)with the derivative

dφ

dq
= z

1

2
√

(nk0)
2 − (2πq)2

·
(

−8π2q
)

. (5.21)Insertion into equation 5.19 delivers
f =

1

2π
z

1

2
√

(nk0)
2 − (2πq)2

·
(

−8π2q
)

f = −2πqz · 1
√

(nk0)
2 − (2πq)2

. (5.22)The loal period is de�ned as
Ploc =

1

|f | (5.23)and beomes by inserting equation 5.22
Ploc =

√

(nk0)
2 − (2πq)2

2πqz
. (5.24)The sampling theorem gives a ondition for Ploc: Ploc > 2dq

2dq 6

√

(nk0)
2 − (2πq)2

2πqz

z 6

√

(nk0)
2 − (2πq)2

4π q dq
. (5.25)With insertion of

nk0 =
2π

λ
, dq =

1

Ndx
, q = νmax =

N

2
dq =

1

2dx
(5.26)



78 CHAPTER 5. SCALAR WAVE OPTICSthe ondition for zmax is derived as
z 6

√

(nk0)
2 −

(

2π
2dx

)2

4π q dq

z 6
2N dx2

4π

√

4π2

λ2
− 4π2

4dx2

z 6
N dx2

λ

√

1 −
(

λ

2dx

)2

. (5.27)With the omputational �eld width W = N dx equation 5.27 an be presented in anotherform:
z

W
6

dx

λ

√

1 −
(

λ

2dx

)2 (5.28)
z

W
≈ dx

λ
(for λ << 2dx) (5.29)The rough approximation of formula 5.29 an be used as a rule of thumb to determine anestimation of zmax in relation to W ; example: if dx = 2λ, zmax = 2W .For �gure 5.2, the maximal propagation length an now be alulated: zmax = 64.5 µm.5.2.2.2 Alternative derivation of zmaxAnother interpretation of the sampling approah an be derived in the position spae. Themaximum propagation length is de�ned as the distane z, in whih a plane wave, startingin the origin of the omputational �eld, under the maximum propagation angle given bythe sampling in the frequeny spae νmax, hits the border of the �eld (�gure 5.3).

Figure 5.3: Computation area with a ray starting in the origin on the left side going under
ϑ to the sreen on the right side



5.2 Numerial restritions of the salar propagation 79The maximum propagation angle of a plane wave λ0 is given by the minimum samplingin the position spae λp whih is 2dx

ϑ = arcsin

(

λ0

λp

)

= arcsin (λ0 · νmax)

= arcsin

(

λ0 ·
1

2 dx

)

. (5.30)The plane wave hits the border of the omputational �eld W/2 if
z =

W

2 tanϑ
. (5.31)Insertion of formula 5.30 into equation 5.31 with

tan (arcsin (x)) =
x√

1 − x2
(5.32)delivers the same formula as the one derived for the PWS with the sampling approah (see5.27)
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2 tan
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2 dx
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N dx

2
·
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(
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2 dx
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(
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·

√
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(

λ0
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)2

. (5.33)5.2.2.3 zmax of the Fresnel propagatorA repetition of the onsiderations for zmax for the PWS propagator delivers for the Fresnelpropagator:
φ (q) = −z λ π q2

dφ

dq
= −2z λ π q

f = −z λ q

Ploc =
1

z λ q

2dq 6
1

z λ q

z 6
N dx2

λ
z

W
6

dx

λ
. (5.34)



80 CHAPTER 5. SCALAR WAVE OPTICSThis is the same result as the rough approximation for zmax of the PWS propagator informula 5.29.5.2.2.4 zmin of the QFQ methodThe limitation of the QFQ method is inverse to the limitation of the Fresnel propagator:the method is not limited by a zmax but by a zmin. The limitation omes from the salingin position spae of the QFQ method. The sampling dxQFQ sales with
dxQFQ =

λ · z
N · dx

. (5.35)For small z, the sampling dxQFQ beomes smaller than the sampling dx of u(x, y) in theorigin plane, thus information in position spae are lost. Therefore, the limitation of theQFQ method is given by:
dx ≤ λ · z

N · dx

zmin ≥ N · dx2

λ
. (5.36)This is the same limit as for the Fresnel propagator, but the diretion is inverse (omparewith formula 5.34).5.2.2.5 Comparison of zmax for the PWS and the Fresnel methodThe analysis of zmax shows that dx

λ
is the determining relation. An inrease of the sampling

N , while keeping the omputational area the same, even dereases the maximum propaga-tion length. The only way to propagate into longer distanes without sampling errors is byeither dereasing the spatial sampling (inreasing dx) or by inreasing the omputationalarea W while leaving dx unhanged. Figure 5.4 shows zmax in relation to dx
λ
.The smallest possible dx in the PWS method has to be bigger than λ/2. This mightbe onfusing but νmax for dx = λ/2 orresponds to a wave propagating with λ at 90◦ andtherefore has no kz omponent anymore.One has to keep in mind that these limitations of dx and zmax are only solid in the worstase senario, if the funtion ũ

(

~k⊥, 0
) beomes onsiderably higher than zero near theevanesent limit. In the majority of ases, energies in the frequenies near the evanesentarea are small enough to neglet sampling errors within these regions.5.3 Propagation errorsThe three desribed propagation methods stand for di�erent physial wave models: thePWS method propagates spherial waves, while the Fresnel and QFQ method propagate
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Figure 5.4: Maximum propagation length in relation to dx/λparaboli waves. In the far �eld, the spherial or paraboli waves beome plane wave fronts,the �eld of the Fraunhofer far �eld approximation, whih was not desribed here. The PWSand Fresnel method depend on the orret sampling of their propagator to avoid additionalsampling errors while the QFQ method has no sampling problem with inreasing distanes.In order to get an idea of the in�uene of the sampling error, the �rst part of this setionompares the Fresnel method with an analytial solution of the Gaussian beam based onthe Fresnel approximation.5.3.1 Sampling errors of the Fresnel propagatorThe sampling errors depend strongly on the frequeny omponents of the regarded lightdistribution u (x, y, z = 0). Distributions with only low frequenies will be a�eted laterthan those with higher frequeny omponents. To get an idea of the in�uene, two Gaus-sian beams with σ1 = 10 µm and σ0 = 0.8 µm and both with λ = 500 nm will be propagatedone analytially (Fresnel approximation) and one with the Fresnel propagation methodof formula 5.10.A Gaussian beam in 1D
u (x) = e−π( x

σo
)
2 (5.37)with its Fourier transform

ũ (ν) = e−π (σ0 ν)2



82 CHAPTER 5. SCALAR WAVE OPTICSis propagated analytially into z diretion with the Fresnel approximation
u (x, z) =

∫

e−π (σ0 ν)2 · e−iπλzν2 · e2πi ν x dν

=

∫

e−π ν2 (σ2
0+i λ z)·e2πi ν xdν

=

∫

e−π ν2w2·e2πi ν xdν

=
1

w
e−π ( x

w )
2 (5.38)with w2 = σ2

0 + i λ z.
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0.1Figure 5.5: Comparison between analytial and the Fresnel propagated Gauss beam (bothwith Fresnel approximation)The maximum propagation length is depited as a vertial line in the left image. Thedi�erenes between the analytial and Fresnel propagated Gauss beams are in the order of
< 10−6 even for a large propagation distane z = 2 mm (≈ 10 · zmax) (�gure 5.5 shows twovisually equal Gauss beams).The reason is the small frequeny width of the Gauss beam in Fourier spae (νσ gauss

νmax
≈

5%), where the sampling error has almost no in�uene.To see di�erenes, higher frequenies or a smaller σ is needed. The seond omparisonhanges σ0 = 10 µm to σ0 = 0.8 µm. All other parameters are left unhanged.The omparison shows that the Fresnel propagation is aurate as long as zmax is notexeeded. Due to the periodiity ondition of the Fourier transformation, the Gaussiansoure is repeated in x-diretion with the image width as period. If one introdues thesame periodiity into the analytial omparison, the errors behind zmax vanish. The lastFresnel omparison in �gure 5.7 shows the same propagation as the one in the seondomparison but with a periodially arranged analytial Fresnel Gauss beam.5.3.2 Sampling errors of the PWS propagatorThe PWS method was derived without approximations for the propagator and shouldtherefore be aurate for the superposition of plane waves. A plane wave propagation is
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Figure 5.6: Comparison between analytial and Fresnel propagated Gauss σ0 = 0.8 µmbeam (both with Fresnel approximation)
Fresnel propagated Gauss ( N = 1024 , dx = λ/2 )
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u (x, y, z) = ei(kx·x+ky·y+kz·z) (5.39)with ~k = (kx, ky, kz). In 1D, the propagation vetor ~k beomes

~k =









kx

√

k2
0 − k2

x









(5.40)with kx = k0 · sinϑ and the angle of inidene ϑ. Disrete plane waves, plane waves whihexatly math a frequeny in the Fourier spae, are derived with the formula
ϑ = asin (λ0 · m · dν) (5.41)with the integer m = −N/2..N/2 − 1.
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5.3 Propagation errors 85with +ϑ is shifted by one dϑ in order to avoid areas with totally destrutive interferene.
dϑ orresponds to a shift of −dν in Fourier spae. The standard deviation was alulatedfrom the summation of the absolute value over all deviations from the referene value inone z-plane. Sine the deviation depends mostly on the propagating distane z and theangle ϑ, a 2D san over z and ϑ is depited in �gure 5.9.
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QFQ Gauss ( N = 1024 , dx = λ/2 , σ

0
 = 0.0008 )

z in [mm]
0.5 1 1.5 2 2.5 3 3.5 4

−0.1

−0.05

0

0.05

0.1

0 0.5 1 1.5 2 2.5 3 3.5 4
−3

−2.5

−2

−1.5
Standard deviation σ: QFQ and scaled analytical Fresnel Gauss

z in [mm]

lo
g 10

(σ
)

Figure 5.10: Standard deviation in logarithmi saling of the QFQ and the analytialpropagated Fresnel Gauss beam. Simulation properties: N = 1024, λ = 500 nm, dx = λ/2In summary, the PWS method is the best hoie for distanes from 0 to zmax. For dis-tanes of several zmax, the sampling of the highest frequeny omponent with a notieableenergy has to be heked for its orretness. If it is sampled orretly, the PWS methodan still be used, if not, the QFQ method has to be hosen.5.4 In inhomogeneous mediaIn inhomogeneous media, the index of refration n is a funtion of spae. The salarpropagation methods in the previous setions are based on a onstant refrative index.The following setion will desribe and ompare two known methods for the propagationof light in inhomogeneous media: the beam propagation method (BPM) and the wavepropagation method (WPM). Both methods divide the volume into small z-slies in whihthe z-omponent of the refrative index is onstant. The WPM will be further investigatedto prevent the energy onservation problem.5.4.1 BPMThe beam propagation method introdued by Flek et al. [21℄ in 1976 is a paraxial numerialsolution of the Helmholtz equation (see also Feit and Flek [19℄). It is based on the divisionof the volume into small z-slies with n (z) = const. In eah z-slie, the mean value of
ñ = (x, y) is alulated and the light propagated through the homogeneous z-slie with ñ.The new light distribution is then given by the propagated light through the homogeneousmedium, multiplied with a phase orretion fator. The BPM is illustrated in table 5.1.For the propagation through the homogeneous media, the PWS method should beused. The errors introdued by the BPM arise from the averaging of the refrative index inonjuntion with the orretion phase, where the di�erent propagation angles are omitted.
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u (x, y, zj) Light �eld at zj

⇓

ñ = 1
NxNy

∑

x,y

n (x, y, zj) Mean value of n (x, y, zj)

⇓

u (x, y, zj)
PPWS→̃

n
uñ (x, y, zj + δz) Propagation in medium with n = ñ and z = δz

⇓

uñ (x, y, zj + δz) · ei δz δn(x,y,zj) Corretion with phase fator (δn = ñ − n (x, y, zj))
⇓

u (x, y, zj + δz) Light �eld at zj + δzTable 5.1: Shemati of one BPM step5.4.2 WPMThe wave propagation method presented by Brenner and Singer [5℄ in 1993 is a new nu-merial method derived from the beam propagation method. It treats every plane waveorretly aording to the propagation angle and is therefore aurate for angles up to 85◦degrees; the drawbak is the higher omputational omplexity, beause the inverse FastFourier transform [12℄ is inappliable. The shemati for a 1D WPM step is depited intable 5.2. Two limitations are mentioned in the WPM paper: δz << λ0

δn
and dx ≤ λ0

2·nmax
.The �rst limitation is well met in index media with low gradients and the seond onditionlimits the maximum size of the sampling in position spae. For a omparison of the BPMwith the WPM, the author used Maxwell's Fisheye as inhomogeneous media:

n (r) =
n0

1 +
(

r
r0

)2 . (5.42)This refrative index distribution perfetly images a point soure from on side of the Fisheyeonto the other side. This should be true for a series of sueeding �sheyes as well. Figure5.11 shows the BPM and WPM method for a series of �ve �sheyes. While the BPM �eldalready shows aberrations from the �rst foal point, the WPM method images the pointsoure again and again. Sine the Gaussian soure is narrow, the spetrum is omposedof higher frequenies and therefore of higher propagation angles, thus the paraxial BPMmethod is not suitable. In the WPM image the inreasing distortions are learly visible,
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u (x, zj) Light �eld at zj

⇓

ũ = FFT (u)

⇓

u (x, zj + δz) =
∑

x

∑
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· e2πi x νx






Light �eld at zj + δzTable 5.2: Shemati of one WPM step (1D)
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Figure 5.11: Comparison of BPM and WPM with the same parameters for the propagationof light oming from a narrow Gaussian point soure



5.4 In inhomogeneous media 89and this with the abidane of the authors' restritions (dz = λ0

10
). The energy inreaseswith z, the topi of the following setion.5.4.3 The energy problem of the WPM methodThe additional energy is generated by the higher frequeny omponents: �gure 5.12 showsthe orresponding Fourier spetrum to Figure 5.11. The distortions derease with higher
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Figure 5.12: Fourier spetra of the BPM and WPM simulation with the �sheye from �gure5.11sampling in x- and z-diretion but they umulate and appear only a few �sheyes later.Sine the distortions ome from the frequenies near the evanesent limit, one possibleway to prevent them is to simply ut o� frequenies higher than a ertain vmax. Whih
vmax is suited depends on the gradient of the refrative index distributions. For smoothgradient pro�les like Maxwell's Fisheye, the limitation has not to be as strit as for indexpro�les with refrative steps. The evanesent limit depends on the index of refration andthis index is not onstant in one z-slie. For the same sequene of �ve �sheyes, in thefollowing omparison frequenies beyond the evanesent limit of the lowest refrative indexin a z-slie nmin, the mean index nmean, and the maximum index nmax are ut o�

ν <
n

λ0
(5.43)and the energy is plotted as |u|2. The omparison shows an inrease in energy for themethods with no ut-o�, and ut-o� with nmax. The more restrited methods with nmeanand nmin do not show this behavior, where the energy drops very slowly, going from one�sheye to the next. The stability of the WPM method and the energy for the ut-o�frequeny with nmean is shown in the last �gure 5.14 for a series of 25 �sheyes, where thefous behind eah �sheye is attained ontinuously without any distortions.
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5.5 Conlusion 915.5 ConlusionSalar propagation methods in homogeneous and inhomogeneous media have been om-pared. In homogeneous media, the Rayleigh & Sommerfeld (or PWS) method for distanessmaller than z 6
N dx2

λ
is the best hoie in terms of auray. For longer distanes, one hasto be areful if plane waves with not negligible energies reah the omputation �eld bound-aries. In this ase, these waves have to be ut o�, for example with a smooth retangularfuntion with a width depending on the propagation distane z. For even longer distanes,the QFQ or `Fresnel in position spae' method is well suited. The omputational �eldsales with inreasing distanes, and the errors introdued by the paraxial Fresnel approxi-mations are negligible in the far �eld. The ombination allows a preise light propagationsfrom several mirons to the far �eld of several thousand kilometers and more.In inhomogeneous media, the wave propagation method with adapted ut-o� frequen-ies is a powerful numerial simulation method. The frequeny limitations depend on thegradient of the refrative index distribution. For gradient index lenses like Maxwell's Fish-eye, the mean index of the z-slie divided by the base wave length nmean

λ0
proofed to be asuitable limitation. For distributions with higher gradients or even index steps, the energydevelopment over the propagation has to be arefully investigated and the frequeny lim-itations set aordingly. The ongoing researh enhanes the WPM from a salar methodto a vetorial method, whih an treat polarization e�ets, Fertig and Brenner [20℄.
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Chapter 6Simulation of UV deep lithographyIn the early 1970s, lithography was onsidered an art. It was the time when Rik Dill andhis team started their work to transform the art into a siene. The result are the four soalled `Dill papers' ([16℄,[17℄,[29℄,[18℄) from 1975. The Dill papers were the �rst approahto model the lithography proess and the most ited papers in this researh �eld. In thefollowing 34 years, the theories and models on lithography improved and are nowadays anindispensable tool for most people working with lithography (see Mak [37℄). Commeriallyavailable software like SAMPLE, PROLITH, or Dr. LiTHO model the omplete lithogra-phy proess and provide all features from simulation of the imaging system over optialproximity orretion down to the hemistry of the resist while exposing and developing.Simulation of the lithography proess an be divided into three main parts: simulationof the illumination system in front of the mask, di�ration on the mask and propagation oflight into the resist, and simulation of the hemial proesses to obtain the �nal struture.The illumination system used in this work has already been analyzed in Part 2 and thelight pattern in front of the mask is known. The post exposure proess is omposed of thepost exposure bake, where the polymerization happens, and the development where thenon polymerized moleules are dissolved. This area is still an ongoing researh �eld (seeShmid et al. [44℄). The sope of this hapter is not to present another omplete simulationsoftware but to analyze the in�uene of a given light distribution in front of the mask inorder to simulate the energy distribution inside the resist on the basis of the previoushapter on salar wave propagation methods with an extension for absorbing media.6.1 PWS in absorbing mediaDuring exposure the hemial properties of a photoresist hange aording to the exposuredose and resist properties. The proper simulation of the intensity inside the resist is thebasis for the following hemial onsiderations to determine if moleules are dissolved ornot. The presented salar propagation methods in the previous hapter were based onhomogeneous non absorbing media for oherent light. The PhD student Liu extended the93



94 CHAPTER 6. SIMULATION OF UV DEEP LITHOGRAPHYsalar propagation method for absorbing media [34, hap. 4℄: In absorbing media, therefration index is given by
n̂ = n + i κ (6.1)and the propagation of a plane wave by

E (x, y, z)) = E0 · ei(kx·x+ky·y+kz·z) · e−γz z (6.2)with kz hanging from k2
z = n2k2

0 − k2
x − k2

y to
k2

z =
1

2
·
[

(

n2 − κ2
)

k2
0 − k2

x − k2
y +

√

[

(n2 − κ2) k2
0 − k2

x − k2
y

]2
+ 4n2κ2k4

0

] (6.3)and
γz = n κ k2

0

1

kz

. (6.4)This is an inverse relation between the propagation and the attenuation part.In the following, the Rayleigh and Sommerfeld di�ration integral will be adapted toabsorbing media. In homogeneous non absorbing media the di�ration integral is
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·z · e2πi(~ν⊥~r⊥) d2ν⊥. (6.9)For the following omparison of a PWS propagation with and without absorption, a ret-angular aperture (l = 50 µm) is illuminated with a perpendiular inident plane wave. The3D intensity pro�le is alulated in a volume with Nx,y = 512, dx,y = 0.25 µm, dz = 1 µm,
λ = 365 nm, n = 1.7, and κ = 0.0002 . Figure 6.1 shows a y-slie at y = 0 from the 3Dvolume for non absorbing and absorbing media.
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Figure 6.1: Mask di�ration on a 50 µm retangular aperture and light propagation in nonabsorbing and absorbing media alulated with the adapted PWS method. Simulationproperties: Nx,y = 512, dx,y = 0.25 µm, dz = 1 µm, λ = 365 nm, n = 1.7, and κ = 0.0002 .6.2 Partially oherent illuminationUntil now in this work, mask di�ration of a single plane wave was onsidered. Chapter2.1 about UV illumination systems showed that a real illumination soure onsists of abroad angular spetrum. Eah point in the Fourier domain orresponds to a plane wavepropagating at a disrete angle with a ertain energy. Additionally, most UV illuminationsystems emit not oherent but partially oherent light, suh as illumination systems withmerury bulbs. For a more realisti simulation, the angular spetrum of the illuminationsoure has to be analyzed, deomposed into plane waves, eah plane wave di�rated atthe mask and propagated into the resist, and �nally the intensities of all plane wavesaumulated to reeive the resulting intensity 3D volume.6.2.1 Saling of the angular spetrum of the illumination soureThe measurement of the angular spetrum of an illumination system was desribed inhapter 2.1.1. For the simulation, the measured data has to be saled to �t to the grid givenby the sampling in the frequeny spae. The input data onsists of an image representingthe angular spetrum of the illumination system. Eah pixel orresponds to a ertain angleand the pixel size psc to the sampling of the amera. The measurement image is shown in�gure 6.2. The measurement shows lear signs of re�etions ausing a shifted ghost image.The seond �gure 6.3 depits the adapted measurement, onverted to gray sale and theghost image manually retouhed. The relation between the propagation angle δ and theimage sampling psc was
δ = atan

(

n · psc

f

) (6.10)with the number of pixels from the image enter n. For the salar propagation theories,the relation between propagation angle ϑ and frequeny sampling dν was
ϑ = arcsin (λ0 · m · dν) . (6.11)
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Figure 6.2: Measurement of the angularspetrum of the mask aligner with aperture
r = 4 mm

Figure 6.3: Converted and edited measure-ment imageFor small angles one an approximate sin (α) = tan (α) obtaining the saling relation
cscal ·

n · psc

f
= λ0 · m · dν (6.12)or for n = m

cscal =
λ0

N dx
· f

psc

. (6.13)With the measurement parameters ( f = 60 mm, psc = 6.25 µm) and the simulationparameters ( Nx,y = 512, dx,y = 0.25 µm, λ = 365 nm ) the saling fator beomes cscal =
27.4. This means that the measurement image has to be saled down by this fator. Theresulting image is shown in �gure 6.4.

Figure 6.4: Saled image from the angular measurementWith an aperture size of ≈ 4.5 pixels, formula 6.11 delivers the orresponding apertureangle as 0.7◦ whih is in agreement with table 2.2 on page 16.



6.2 Partially oherent illumination 976.2.2 Deomposition of the plane waves and partially inoherentsuperpositionEah pixel in the saled measurement image 6.4, the angular spread of the light soure,orresponds to a plane wave impinging on the mask at a ertain angle. The onvolutionin Fourier spae of mask and angular spetrum orresponds to a multipliation in positionspae
u0pw = umask · F−1 (ũpw) (6.14)with the index pw standing for the �eld of one plane wave and umask for the binary mask�eld. After propagating u0pw aording to formula 6.9 and alulating the 3D intensity dis-tribution for eah plane wave, all intensity distributions have to be aumulated to reeivethe �nal partially oherent 3D intensity distribution for a partially oherent illuminationsoure.

Isum =
∑

pw

∣

∣Ppws2

(

umask · F−1 (ũpw)
)∣

∣

2
. (6.15)To show the in�uene of a broader angular spetrum, the mask di�ration and light prop-agation in absorbing media for the same parameters like in �gure 6.1 is alulated one fora single plane wave illumination and one for the angular distribution of �gure 6.4. Figure6.5 depits the intensity distribution in a z-slie at z = 100 µm.
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Figure 6.5: Mask di�ration on a 50 µm retangular aperture and light propagation inabsorbing media for z = 100 µm alulated with the adapted PWS method - on the leftwith a single plane wave illumination and on the right with the spetrum of the maskaligner with the aperture r = 4 mm. Simulation properties: Nx,y = 512, dx,y = 0.25 µm,
λ = 365 nm, n = 1.7, and κ = 0.0002 .The omparison shows the in�uene of the real spetrum as a kind of smoothing of theintensity distribution. Due to the small width of the angular spetrum of ϑ = ±0.7◦, thestruture shows no signs of broadening.



98 CHAPTER 6. SIMULATION OF UV DEEP LITHOGRAPHY6.3 Development modelFor a realisti simulation of the hemial proesses during exposure and the following pre-bake and development steps, detailed knowledge about the hemial and physial propertiesis needed (see Shmid et al. [44℄). With this knowledge, one basially solves a transportequation and alulates the polymerization degree. For the sope of this thesis, theseproesses are simpli�ed to a ut-o� threshold, whih depends only on the intensity distri-bution. In this simple model, the developer dissolves the resist, where the intensity is belowa ertain threshold. The result of this model is a 3D volume plot. For the simulation, themask aligner light soure with an aperture r = 4 mm was used and the resist simulatedwith an absorption of κ = 0.0002 . For the 3D volume, a z-slie every 4µm was alulated,see �gure 6.6.

Figure 6.6: Normal exposure: remaining re-sist struture after development, simulatedby propagation of partially oherent light inabsorbing media with a following simpli�eddevelopment step Figure 6.7: High exposure: same simula-tion as in the left image but with a reduedthreshold to simulate overexposure
While the left �gure belongs to the lass of normal strutures with a slight underut,the struture in the right image 6.7 shows lear signs of overexposure due to a redutionof the threshold, whih orresponds to an inrease in the exposure dose.The ri�es shown in both simulations an be veri�ed on some SU-8 strutures. Figure6.8 shows a magni�ed retangular SU-8 struture and �gure 6.9 a magni�ed image fromthe simulation shown in �gure 6.6.Even though the periodiity is only akin, the ri�es at the edges are very similar andsuggest that these ri�es are based on partially oherent interferenes.



6.4 Conlusion 99

Figure 6.8: Ri�es on a SU-8 sidewall edge Figure 6.9: Simulation of a SU-8 retangu-lar struture6.4 ConlusionThe simulation of lithographi proesses helps to understand the underlying bakground.The light propagation in absorbing media from Liu was adapted for the PWS propaga-tion method to simulate the absorption of a given resist. While eah plane wave itself ispropagated oherently, a partially oherent light soure an be simulated by deomposingthe angular spetrum in single plane waves, propagating eah plane wave, alulating theintensity pro�le, and aumulating all intensity pro�les. For a �rst approximation of the re-sulting lithographi strutures, an intensity threshold was used to deide whih parts of thevolume will be dissolved and whih will remain. For a real appliation of this simulation,the parameters for the resist, in this ase SU-8, have to be analyzed and the simulationadapted.
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Chapter 7Optial interonnets in the FutureDAQ projetAt the GSI (Gesellshaft für Shwerionenforshung) in Darmstadt a new Faility for An-tiproton and Ion Researh (FAIR projet) is planned to be built until 2016 with a ostestimation of around 1.2 billion Euro [11℄. It is an international aelerator faility of thenext generation. At its heart is a double ring faility with a irumferene of 1100 meters.A system of ooler-storage rings for e�etive beam ooling at high energies and variousexperimental halls will be onneted to the faility (�gure 7.1).

Figure 7.1: Conept of the FAIR projet at the GSI in Darmstadt (image from GSI Darm-stadt)The CBM projet is one of the experiments at FAIR. The goal of the researh program103



104 CHAPTER 7. OPTICAL INTERCONNECTS IN THE FUTURE DAQ PROJECTon nuleus-nuleus ollisions at the new aelerator faility at GSI is the investigation ofhighly ompressed nulear matter. Matter in this form exists in neutron stars and in theore of supernova explosions. In the laboratory, super-dense nulear matter an be reatedin the reation volume of relativisti heavy-ion ollisions. The baryon density and thetemperature of the �reball reahed in suh ollisions depend on the beam energy. In otherwords, by varying the beam energy one may, within ertain limits, produe di�erent statesand phases of strongly interating matter.The experimental task is to identify both hadrons and leptons and to detet rare eventsin a heavy ion environment. The hallenge lies within the seletion of rare events in nuleus-nuleus ollisions with harged partile multipliities of about 1000 per entral event atreation rates of up to 10 MHz. Suh measurements require fast and radiation hard de-tetors, fast and self-triggered read-out eletronis, a high-speed data aquisition system,and online event seletion based on full trak reonstrution. The CBM experimentalsetup omprises the following detetor omponents (see CBM Progress Report 2008 [8℄):Silion Traking System (STS), Miro-Vertex Detetor (MVD), Ring Imaging Cherenkovdetetor (RICH), Transition Radiation Detetor (TRD), Muon Chamber/Absorber System(MUCH), Resistiv Plate Chambers (RPC), Eletromagneti Calorimeter (ECAL), Proje-tile Spetator Detetor (PSD), see onept in �gure 7.2.

Figure 7.2: Conept of the CBM detetor (image from GSI Darmstadt)The high speed data aquisition system is the ontent of the Future Data Aquisitionprojet (Future DAQ), where as part of this work, a onept for optial interonnets hadto be developed and a demonstrator had to be built.The hapter starts with a desription of the developed optial network hierarhy of theCBM detetor and explains the need of pluggable optial interonnets based on VCSEL-



7.1 Preliminary design of an optial network hierarhy 105�ber-ouplers. The hapter ontinues with the development of miniaturized integrated�ber ouplers, the main ontribution of this work. This oupling onept is then used onthe demonstrator board and the advantages for Ative Optial Cables are disussed at theend of the hapter.7.1 Preliminary design of an optial network hierarhyHuge amounts of data will have to be transported from the detetor to the omputer nodes.Estimations refer to 6k serial links at 2.5 Gbit/s . With 25 m length and the demand ofradiation hardness, optial links are favored over eletrial interonnets. Additionally,the read out boards are on di�erent voltage levels ±300 V and in the reah of very strongmagneti �elds, making the task for eletrial interonnets even more ompliated. Oneother advantage of optial transmission is the redution in weight and size. Calulations ofthe onstrution engineers ame to the onlusion that the foundation of the building hadto be made stronger to withstand the huge weight of opper for the eletrial transmissionables and the largely redued size omes to hand in a room, where spae is a valuableommodity.Fortunately, this is not the �rst aelerator faility whih operates with optial links.The CMS detetor of the large hadron ollider (LHC) at Cern, established 65k optiallinks at up to 2.5 Gbit/s. The tehnial design used is from the year 2000 but some veryimportant insights from their �Lessons learned� have to be kept in mind (see Vasey [53℄,Gan et al. [22℄, and Troska et al. [52℄). Next to the insight about problems onerning large-sale prodution and quality management, three important lessons were: use ommerialo�-the-shelf as muh as possible, do not use pigtails, and radiation hard VCSELs and �bersare available on the market.In order to avoid pigtails, pluggable ables are needed to ross the �rst 25 m. Sine theread out boards are eletrial and the transmission has to be optial, the idea was bornto develop a able whih onnets with eletrial pins, onvert the signal into an optialone inside the plug, and to transmit it via �ber. This onept dates bak to 2004 and isnowadays alled Ative Optial Cables (AOC), a very fast growing market. The eletronisfor the eletro-optial onversion, the read out boards, and the protools are designed bythe group around Prof. Brüning from the Chair of Computer Engineering, University ofHeidelberg, and are not part of this thesis. The fous here is on the optis.The 6k serial links have to over the 25 m from the detetor to the �rst shielded room.The path box here bundles the ables to ribbon ables with 12 �bers eah, reduing thenumber for onnets from 6k to 500 to over the 150 m to the nodes. The onept isdepited in �gure 7.3.From the 6k links only 2k-4k are needed, the rest are spare �bers for dead links. Thetehnique to bundle �bers in this way was also used by the LHC onsortium; they evenadded another bundling stage to onentrate 8x12 �bers into one multi ribbon able. Thesetehniques are state of the art but researh in the �eld of oupling VCSELs to �ber in avery ompat and ost e�ient way without pigtails is needed. This is the ontent of the
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Figure 7.3: Conept of the network hierarhy for the CBM detetorfollowing paragraphs after a brief introdution into VCSELs.7.2 VCSELsThe invention of the VCSEL (Vertial-Cavity Surfae-Emitting Laser) in 1979 by Soda et al.[49℄ and the �rst demonstration at room temperature by Koyama et al. [30℄ �nally providedthe ommuniation market with a ompat and high-performane light soure to replae theedge emitting lasers. VCSELs have many advantages: a perpendiular emitter, low poweronsumption, ost e�ient prodution, on wafer testing, improved beam harateristis,high modulation bandwidth, and they allow ompat 2D arrays. The typial beam oneangle of a VCSEL, the angle where the radiation drops to 1/e2, is around 12.5◦. They arefabriated basially as top or bottom emitting versions depited in �gure 7.4 and �gure7.5.
Figure 7.4: VCSEL top emitter: the light isemitted on the side of the bumps Figure 7.5: VCSEL bottom emitter: thelight is emitted through the substrateWhile the top emitter is the standard version of the VCSEL, the drawbak resultsfrom the emitted light and bumps being on the same side. If the top emitting VCSEL is



7.3 Conepts oupling VCSEL to �ber 107ontated by wire bonds, one has to take are while oupling not to damage these wires,or if the VCSEL is �ip hipped on a substrate, one has to guide the light through thesubstrate. Both options redue the degree of freedom for the optial oupling design. Thebottom emitting VCSEL radiates through the bulk substrate, whih has to be thinned inorder to keep the attenuation small. The bene�t of the more omplex fabriation proess isthat these VCSELs an be �ip hipped on any board or hip, emitting the light in the freespae above; no wires ompliate the oupling into wave guides. In the following ouplingonepts, all VCSELs are bottom emitting ones.7.3 Conepts oupling VCSEL to �berVCSELs are typially fabriated on a 250 µm grid, whih should be met by the �beroupling strutures in order to ouple VCSEL arrays ompat with �ber arrays. Thestandard method is butt- or diret oupling, where the �ber is diretly mounted on top ofthe VCSEL. If the perpendiular oupling is not wanted, for example if the �ber has tobe in the plane of the board and the spae above the VCSEL is limited, either a VCSEL,bonded on a 90◦ tilted plane, or a mirror for de�etion is needed. The three onepts areshown in �gure 7.6.
Figure 7.6: Conepts for VCSEL to �ber oupling: diret oupling on the left, tilted VCSELand �bers in SI-V-grooves in the middle, and oupling via a mirror on the right.Eah onept an be expanded with additional omponents to inrease the ouplinge�ieny, for example with lenses to image the VCSEL into the �ber. All oupling designsare a trade-o� between osts, oupling e�ienies, and power onsumption. Lenses inreasethe oupling e�ieny and therefore derease the power onsumption of the system, butthey have to be fabriated, aligned, and mounted ausing additional osts. The goal hereis to develop a onept whih ombines all advantages without additional osts.7.3.1 Coupling oneptsDiret oupling is the standard tehnique to obtain high oupling e�ienies without ad-ditional omponents by minimizing the distane between VCSEL and �ber. Automatedhigh preision alignment stages position and �x single VCSELs with �bers and do thepakaging. While this tehnique is favored for single onnetors, array onnetors needadditional omponents to guide the �bers within the adapted grid.



108 CHAPTER 7. OPTICAL INTERCONNECTS IN THE FUTURE DAQ PROJECTNowadays in 2009, the ommon tehniques for ompat in plane array oupling (�gure7.6, middle) are VCSELs bonded on a 90◦ tilted mount, whih is aligned with a moduleontaining V-grooves for �ber alignment. The V-grooves are fabriated either by ething inSI along the rystal axis, or in other materials with miro mahining and laser appliations.While the V-groove fabriation is well understood, the tilted bonding and alignment stillause higher fabriation osts.In 2002, K.-H. Brenner and U. Bruening from the University of Heidelberg had the ideafor a ompat integrated VCSEL to �ber oupler whih ombines de�etion of the emittedlight by 90◦, high preision �ber alignment, and a simpli�ed �ber insertion.

Figure 7.7: Top view: new inte-grated �ber oupling design for twohannels with funnels to simplify�ber insertion Figure 7.8: Side view: new integrated �ber ou-pling design with VCSEL �ip-hipped on a driverand serializer hip, spaers, and the integrated �beroupling mount with 45◦ mirror on a thin glass sub-strateThe onept is depited in �gure 7.7 and �gure 7.8. The primary hallenge here liesin the prodution of the integrated �ber mount ontaining the mirror and to �nd suitablerepliation tehniques for large-sale prodution. The steps leading to the �nal designare desribed in the next paragraph after a short introdution into the main in�uenesonerning oupling e�ienies.7.3.2 Coupling e�ienyNext to the prodution osts and size, the oupling e�ieny of a �ber oupler is themost important property of the design. A low ost design will not be aepted by themarket if the oupling e�ieny is too low, and another design involving additional ostlyomponents to inrease the e�ieny will not be suessful either. Coupling e�ieny, oroupling loss, of a �ber oupler depends on the alignment of the �ber with the oupler,their properties, and the distane in between. Alignment faults are misalignment in x- andy-diretion and angular mismath, whih appear if the �ber is not exatly entered on theoptial axis of the laser. The numerial aperture of the �ber also has to be at least as bigas the one of the laser, or additional attenuation will be introdued. The distane or gapbetween the �ber and the laser is separately mentioned here beause of its huge impat on



7.4 Integrated �ber ouplers 109the oupling loss and beause in some designs this gap annot be redued below a ertainvalue. While diret oupling allows a minimization of the gap into regions lose to zero,light de�etion on a mirror involves a minimum distane between laser and �ber only dueto pure geometris.The in�uene of the gap distane z on the oupling e�ieny is depited in �gure 7.10for a oupling simulation of a VCSEL with a �ber in relation to the gap size z (setup see�gure 7.9) with the simulation properties: VCSEL with Gaussian beam pro�le and a oneangle of 12.5◦ (NA = 0.216), perfetly aligned �ber with mathing NA, `mixed' simulationmode with 33 rings.
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Figure 7.10: VCSEL to �ber oupling e�ieny in relation togap size z (RayTraer: gaussian point soure with 33 rings inmixed mode)The diagram shows how strong the oupling e�ieny depends on the distane z, forexample the oupling e�ieny of a rf = 31.25 µm multimode �ber drops from 70% to
25% going from z = 200 µm to z = 400 µm.These results make it lear that VCSEL to �ber oupler designs based on �at mirrorsand with inter media substrates are limited to low oupling e�ienies due to the design.Ways to improve the performane of �ber ouplers based on mirrors and their fabriationtehniques are presented in the following paragraph.7.4 Integrated �ber ouplersThe ombination of alignment struture, mirror, and funnel into one integrated struturepromises a very ompat VCSEL to �ber oupling design. UV deep lithography as fab-



110 CHAPTER 7. OPTICAL INTERCONNECTS IN THE FUTURE DAQ PROJECTriation tehnique was hosen, beause it is apable of feature sizes in the miron rangewith high aspet ratios. The �rst integrated �ber oupler was fabriated in 2004 by amodi�ed SU-8 lithography proess for slanted strutures involving water immersion. Twoyears later, in 2006, onsiderations about large-sale prodution and repliation tehniqueslead to the seond version. The third version from 2008 �nally inreased the ouplinge�ieny by optimizing the mirror surfae. In all three versions, the spae between �berand mirror was �lled with UV-adhesive to �x the �ber and also to math the indies. Thethree designs are desribed in the following paragraphs.7.4.1 Version 1The main task for the �rst version of a slanted �ber oupler was the development of the UVdeep lithography proess with inlined exposure and water immersion (see hapter 2.2.4).As a demonstration of this onept, �gure 7.12 shows a amera image from the bottomof the oupler with a light guiding �ber inserted. The mirror funtionality is based onthe total re�etion between the slanted mount and the air. The spae between �ber andmirror struture has therefore to be �lled with an index mathing material. UV adhesiveis suitable and ats as index mathing and �ber �xation at the same time.

Figure 7.11: Version 1: oupling onept Figure 7.12: Version 1: view through thesubstrate onto the �ber mount for fourhannels. The inserted �ber guides lightwhih is de�eted on the mirror.The re�etions shown in the amera image are a proof for the priniple of the ouplingonept. The form of the re�etion, a irular area with aberrations, is a �rst sign of asu�ient surfae quality obtained by the UV deep lithography proess.7.4.2 Version 2Sine the lithographi fabriation of SU-8 strutures is not the best hoie for large-saleprodution, the struture has to be altered to meet the demands on master strutures for



7.4 Integrated �ber ouplers 111repliation proesses like soft lithography (see hapter 3.2). Soft lithography is a mold-ing tehnique, whih only tolerates marginal underuts. The slanted strutures with 45◦on both sides are de�nitely out of sope. The underut has to be �lled with a seondperpendiular exposure, see �gure 7.13.

Figure 7.13: Version 2: underuts from inlinedexposure are �lled with a seond perpendiularexposure step Figure 7.14: Version 2: array of SU-8�ber ouplers fabriated by double ex-posureWithout �lling the underuts, the repliation is needlessly ompliated. With the un-deruts �lled, the strutures are ready for large-sale prodution with soft lithography.However one basi problem remains: the low oupling e�ieny.7.4.3 Version 3The de�etion of light on the mirror has not only the drawbak that the distane betweenthe VCSEL and the �ber is inreased, resulting in a redued oupling e�ieny, but alsoo�ers the possibility to use the mirror as a fousing devie. The laser sanner, used inthis work to generate the masks for the ontat UV lithography, is also apable of writingpartially irular rings. This allows to give the mirror a irular shape and to integrate afousing e�et for one axis into the devie. A mask with a irular aperture and exposedwith inlined radiation produes a slanted SU-8 ylinder with a fousing e�et similar toa ylinder lens. The onept is depited in �gure 7.15.In order to determine the optimal radius of urvature, and to aount for all the di�er-ent layers of air, substrate, repliated material, �ber, et., the RayTraer from hapter 4was developed. The main features of the RayTraer are: aurate alulation of the energytransfer on index boundaries, ustomized surfaes, Gaussian soures, and optimization fea-tures. The re�etion alulation for a slanted ylinder is desribed in hapter 4.2.1.The setup for the version 3 oupling simulation and optimization with all importantdimensions is depited in �gure 7.16 with a 3D plot from the RayTraer in �gure 7.17.The optimal radius depends primarily on the optial path length between VCSEL and�ber and is kept �xed for the simulation. With a �at mirror, the simulated oupling
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Figure 7.15: Version 3: �ber oupler with urved mirror

Figure 7.16: RayTraer simulation senariowith the lateral dimensions and refration in-dies
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Figure 7.17: RayTraer 3D plot of the se-nario with a urved mirrore�ieny for this setup is 39.5%. The inreased e�ieny in relation to the radius ofurvature of the mirror is simulated in `mixed-mode' for 40 rings and the VCSEL astehnial Gaussian point soure with 12.5◦.The plot in �gure 7.18 shows an optimum around rmirror = 174 µm with a ouplinge�ieny of 62%. This orresponds to a gain of 57% in relation to the e�ieny of a �atmirror. The losses for the optimal urved mirror result from: index boundaries 10.5%,�ber ore aperture 89%, and �ber NA missmath 0.5%.7.4.4 Perfet mirror surfaeIf the mirror surfae is not limited by fabriation restritions and an be optimized as freeform surfae, what would be the perfet surfae pro�le? One way to �nd an answer to thisquestion are numerial optimizations, starting with a �at surfae and step by step deform-ing the surfae trying to reah an optimal oupling e�ieny. Another method from the
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Figure 7.18: Version 3: �ber oupler e�ieny in relation to the mirror's radius of urvature�eld of beam shaping generates mathematial equations desribing the ray transformationof the surfae and solves, again numerially, a omplex equation system in order to �ndthe optimal surfae.For the very speial ase of the �ber oupler, mathematiians have already found asolution. The geometrial form of a spheroid, an ellipsoid with two of the three main axisbeing equal (a = b , ), has the property to re�et a ray starting at one foal point alwaysin a way that the ray goes through the seond foal point. The priniple is depited asRayTrae simulation for a 2D ellipse in �gure 7.19.

Figure 7.19: RayTrae simulation of an el-liptial re�etor with the soure in the leftfoal point Figure 7.20: 2D plot of a spheroid with a =bThis imaging priniple of elliptial surfaes an now be used for the mirror of the �ber



114 CHAPTER 7. OPTICAL INTERCONNECTS IN THE FUTURE DAQ PROJECToupler, but the parameters of the ellipsoid have to be found. The parameters are ahievedin two steps: transform the system into a similar one in homogeneous media and determinethe parameters for the ellipsoid in homogeneous media. Sine the ellipsoid is rotationalsymmetri along its main axis, only the parameters b and c have to be determined (a = b).7.4.4.1 Transformation of the system into homogeneous mediaThe elliptial re�etor in this example is made of UV adhesive (NOA) with a refrationindex of 1.56. In order to alulate the parameters for the elliptial surfae, the setup from�gure 7.16 has to be transformed into a setup with an homogeneous refration index. Inthe following alulations, the enter point of the mirror ~CM represents two properties: thegeometrial enter of the mirror surfae and the fat that it is the point where the optialaxis, starting at the soure, going in z-diretion, hits the mirror surfae. Following themeridional ray on the optial axis from the VCSEL through ~CM into the �ber, the systeman be simpli�ed by ignoring the optial axis hange aused by the re�etion as shown in�gure 7.21

Figure 7.21: Adapted setup for the alulation of the foal points. The dotted line marksthe rays going bak from the mirror surfae to �nd the virtual soures in a homogeneousmediaFoal point 1 is found by traing the outer ray from the VCSEL, going at 12.5◦ inthe setup, onto the mirror surfae and then traing the ray bak, but ignoring the indexboundaries. The NA determines the maximum propagation angle whih is still aeptedby the �ber. Following a ray starting on the outer ore diameter of the �ber into the �ber,going at ϑf , the seond foal point is found. The results are also depited in �gure 7.21.7.4.4.2 Determining the parameters for the ellipsoidThe foal points Fo1 and Fo2 determine the diretion of the main axis of the ellipsoid with
~se =

~Fo2 − ~Fo1
∣

∣

∣

~Fo2 − ~Fo1

∣

∣

∣

, (7.1)
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ee =
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2
, (7.2)and with ~se and the optial axis ~ez, the rotation angle ϑ of the ellipsoid beomes

ϑ = arccos (~se · ~ez) . (7.3)Now, the ellipsoid enter ~C is alulated
~C = ~Fo1 + ~se · ee (7.4)and moved into the origin by shifting the vetors

~F1 = ~Fo1 − ~C , ~F2 = ~Fo2 − ~C , ~CM = ~CMo − ~C. (7.5)In the next step, the rotation matrix D
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(7.6)
is used to rotate the ellipsoid onto the z-axis. ~CM beomes the point ~P on the surfae ofthe rotated ellipsoid by multipliation with the rotation matrix D

~P = D · ~CM . (7.7)Sine the ellipsoid is rotation symmetri with the axis a = b, the equation for the ellipsoidis redued to a 2D elliptial problem. The equations of the ellipse
y2

b2
+

z2

c2
− 1 = 0 (7.8)and

c2 = b2 + ee2 (7.9)are now the basis to determine the two missing parameters b and c with the known point
~P = (x, y, z) on its surfae
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(
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116 CHAPTER 7. OPTICAL INTERCONNECTS IN THE FUTURE DAQ PROJECTThe last equation beomes with c′ = c2 a standard quadrati equation delivering c. b isobtained by inserting c into equation 7.9. For the regarded VCSEL �ber setup, the ellipsoidparameters for the RayTraer are (all units in µm):
~C =
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172.2

136.1

















a = b = 246.5

c = 348.6

ϑ = 44.3◦ .Figure 7.22 shows the RayTrae results with these parameters.

Figure 7.22: 3D plot of the RayTrae simulation for the integrated �ber oupler with anoptimized elliptial mirror surfae and a simulated oupling e�ieny of 93%The oupling e�ieny inreases to 93%. Around 4% are due to losses at index bound-aries and the other 3% beause the �ber is too lose to the mirror and the outer raysannot be foused into the �ber while keeping the NA limit of the �ber. Inreasing thedistane da by only 25 µm and alulating the ellipsoid again, brings the �ber oupler tothe theoretial optimum of 96.4% for the regarded setup.



7.5 Demonstrator 1177.4.4.3 SummaryThe previous setion desribed the new onept of an integrated and ompat �ber ouplerusing an optimal mirror surfae whih reahes the theoretial maximum oupling e�ienyfor the regarded setup of 96.4% (da = da + 25 µm). The formulas for the alulation of theelliptial mirror surfae and the parameters for the regarded setup are given. Additionally,the �ber oupler with an optimal mirror surfae an be repliated using standard repliationmethods without inreasing osts.7.5 DemonstratorAfter the onept and the optimization phase of the integrated �ber oupler in the previousparagraphs, the experimental proof has to follow. In order to be independent from theeletronis and to test the optial performane only, the oupling e�ieny between a�ber and a �ip-hipped bottom emitting VCSEL, driven with the onstant urrent of Iv =
4.1 mA, is measured. The VCSEL from the ompany ULM Photonis, whih now belongsto Philips, is a 5 Gbps VCSEL, emitting at 850 nm with a beam divergene ϑ = 12.5◦ halfwidth 1/e2 and the optial power of 1 mW (at Iv = 5 mA). As integrated �ber oupler,a version 3 �ber oupler with a mirror radius urvature of 175 µm was lithographiallyfabriated with double exposure and via soft lithography, repliated on a thin substratewith thikness ds = 160 µm, see �gure 7.23.

Figure 7.23: Integrated �ber oupler version 3 with four hannels, fabriated with UV deeplithography and repliated in UV adhesive on a thin substrateFor the measurement, a multimode grin-�ber with a ore radius of rf = 31.25 µm and



118 CHAPTER 7. OPTICAL INTERCONNECTS IN THE FUTURE DAQ PROJECTa NA of 0.27 was inserted and �xed with UV adhesive. The VCSEL to �ber ouplinge�ieny measurement is desribed in the next paragraph followed by an analysis of thepower budget for a omplete transmission system, VCSEL-�ber-photodiode.7.5.1 Coupling e�ieny measurementsThe measurements were realized with a Newport photometer and a detetor head for
850 nm in three steps: referene measurement, diret �ber oupling measurement, andoupling measurement with the integrated �ber oupler version 3. The three steps aredepited in �gure 7.24.

Figure 7.24: The three measurement steps: diret VCSEL measurement, diret �ber ou-pling measurement, and measurement with the integrated �ber oupler version 3The optial power of the VCSEL at 4.1 mA is measured in step 1 as P0 = 580 µW.In step 2, the �ber was aligned above the VCSEL and the oupling e�ieny measuredevery 50 µm. In order to ompare the results with the simulation values from �gure 7.10(Gaussian point soure oupled to �ber), the simulation results are saled to meet themaximum measurement value, see �gure 7.25.The measurement shows a similar development of the values in omparison with thesimulation. Possible errors are: misalignment of �ber and the optial axis de�ned by theVCSEL, and mismath of the Gaussian beam pro�le of the VCSEL with the simulatedbeam harateristis.For step 3, the �ber from step 2 was �xed in an integrated �ber oupler version 3 andthe onstrut aligned with the VCSEL. In order to protet the fragile VCSEL, spaers wereset next to the VCSEL, whih proved later to be too large (≈ 400 µm, inreasing the gapbetween VCSEL and substrate from 50 µm to 250 µm). The measured optial power was
78 mW, whih orresponds to a oupling e�ieny of 14%. Sine the simulation, inludingthe bigger gap, showed a theoretial oupling e�ieny of 27%, the �rst measurement wasquite promising. Figure 7.26 and �gure 7.27 show two photos from the measurement setup.The left one depits the measurement of the diret VCSEL to �ber oupling, and the rightone depits the �rst measurement of the integrated �ber oupler with spaers.A better way to protet the VCSEL is to embed it into a UV adhesive layer. In suh alayer, the VCSEL is not only proteted, but the beam divergene is also redued due to the
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Figure 7.25: Step 2: diret VCSEL to �ber oupler measurement in omparison with theresults from a RayTrae simulation (ϑ = 12.5◦, rc = 31.25 µm)higher refration index, inreasing the oupling e�ieny. Therefore, a very small dropletof UV adhesive was set diretly next to the VCSEL and the surfae tension fores of theliquid engulfed the VCSEL in a small UV-adhesive bubble. After uring, the VCSEL wasembedded in a highly transparent layer. For the measurement, a seond droplet of UVadhesive, as index mathing between the VCSEL protetion layer and the substrate withthe �ber oupler on top, was added to prevent de�etion e�ets of the protetion layersurfae, see �gure 7.28.With this improved setup, the oupling e�ieny inreased to 40%, giving a total optialpower inside the �ber of 400 µW with the VCSEL driven at 5 mA ,and an optial poweroutput of 1 mW. In omparison, the simulated oupling e�ieny, assuming a gap distaneof 50 µm �lled with NOA, is 68.7%.In the re�etion measurement on SU-8 surfaes in hapter 2.2.7.2 on page 33, the meanvalue of the re�eted energy within an aperture of r/σ was 58%. The ombination of thesimulated losses on the perfet re�eting mirror and the measured SU-8 surfae re�etionloss delivers 69% · 58% = 40%, exatly the same result as the measured one.7.5.2 Power budgetThe transmit power of the soure Pv, the attenuation introdued by the �ber Af , andthe minimum reeive power Ppd of the photodiode determine the power budget, whihis often stated in dB. The attenuation of a graded-index �ber with a ore radius of
rc = 31.25 µm is typially in the range of 3 dB/km. A 100 m �ber will introdue an
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Figure 7.26: Step 2: measurement setup fordiret VCSEL to �ber oupling Figure 7.27: Step 3: �rst measurement ofthe integrated �ber oupler version 3 withspaers

Figure 7.28: Step 3: measurement setup with VCSEL in NOA protetion layer and NOAindex mathingattenuation of Af = 0.3 dB. With Pv = 1 mW and Ppd = 10 µW the power budget for thetransmission beomes
Ppb = 10 log10

(

Pv

Ppd

)

− Af = 19.7 dB. (7.11)The oupling e�ieny, VCSEL to �ber, for the version 3 �ber oupler was simulated with
68.7% (−1.63 dB), and measured with 40% (−3.98 dB). The results an also be interpretedas one attenuation oming from the setup with −1.63 dB and a seond one, oming frommisalignment and the mirror surfae −2.35 dB.The oupling e�ieny for the end part of the transmission (�ber to photodiode) hasyet to be determined.For the simulation, the setup shown in �gure 7.17 on page 112 is used again, thistime with the light oming from the �ber and the VCSEL being replaed by a photodiode



7.5 Demonstrator 121with variable aperture radius. Sine a larger photodiode means higher oupling e�ienybut lower bandwidth, the system designer has to deide whih property is more important.Figure 7.29 depits the 3D plot of the setup and �gure 7.30 the simulated oupling e�ienybetween �ber and photodiode, with the RayTrae on�guration: area Gaussian soure with4 rings in `mixed'-mode.

Figure 7.29: RayTrae 3D plot of the ou-pling between multimode �ber with rc =
31.25 µm and a photodiode (oupler version3)
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Figure 7.30: Coupling e�ieny between�ber and photodiode for the setup in �gure7.17 on page 112
Fibers with higher NA inrease the oupling e�ieny between VCSEL and �ber butderease the oupling e�ieny between �ber and photodiode at the same time. Thisbeomes more ritial with smaller photodiodes. Choosing a photodiode with rpd = 50 µmand a �ber with NA = 0.27, the simulated oupling e�ieny beomes 72% or −1.43 dB.Table 7.1 lists the power budget and attenuations for this measurement setup with anapproximation of the optial performane of the demonstrator. The attenuations ausedby mirror and alignment are alulated from the relation between measured e�ienyand simulated e�ieny, assuming a orret implementation of the beam harateristis.The attenuations oming from the oupling between �ber and photodiode ould only besimulated; the estimation of the additional losses due to misalignment and mirror surfae(−3 dB) are based on the measurements for the VCSEL to �ber oupling (−2.35 dB).The remaining power budget of 11.11 dB leaves a high margin for additional losses in-trodued by misalignment and toleranes in large-sale prodution.The potential of this very ompat integrated �ber oupling devie with high ouplinge�ieny in the �eld of ative optial ables is disussed in the following paragraph.



122 CHAPTER 7. OPTICAL INTERCONNECTS IN THE FUTURE DAQ PROJECTParameter Symbol Unit ValueVCSEL optial power Pv µW 960PD minimum reeive power Ppd µW 10Fiber attenuation 100 m Af dB -0.3VCSEL-�ber setup attenuation (simulated) As1 dB -1.63VCSEL-�ber mirror and alignment losses Am1 dB -2.35Fiber-PD setup attenuation (simulated) As2 dB -1.43Fiber-PD mirror and alignment losses (estimated) Am2 dB -3.0Power budget Ppb dB 11.11Table 7.1: Power budget and attenuations for the demonstrator using the integrated �beroupler version 37.6 Ative optial ablesThe market for ative optial ables (AOC) is primarily based on the demands of highperformane omputing. Reahing a transmission speed of 10 Gbps while keeping the ableslong enough for the appliation demands, made people think about alternative onnetiontehnologies. Their �rst hoie was to go from opper ondutors to �bers but this amewith drawbaks. Fiber tehnologies require new network ards with optial interfaes andtrained speialists to handle all issues around �bers suh as eye safety, leaning, spliingand other onnetion problems.AOC enapsulate the transeiver and optial onnetion inside the onnetor, dismiss-ing all drawbaks of pure �ber onnets, while keeping all bene�ts of optial transmission.Intel was the �rst ompany to supply the market with this new kind of able and estab-lished them within the In�niBand spei�ation. This allows to remove the old opperables and simply put in the new AOC, gaining all optial bene�ts without any additionalompliations. AOC redue the weight and size in omparison with opper ables by morethan 80% while inreasing the possible transmission length from 10 m to several hundredmeters. Additionally, the old problem that the interonnet is slower than the eletronisis now inverted, making any advanes in eletronis to drive the light soures faster, auto-matially inreasing the transmission speed of the able. End of June 2009, the ompanyFinisar announed an AOC with 12 hannels at 10 Gbps for In�niBand and 100 Gigabitappliations.



7.7 Conlusion 123A market study �Ative Optial Cables Market Analysis 2009� [28℄ predits a growthfor this segment from the present-year level of $100 million to over $1.1 billion in 2010, andthen up to over $2.6 billion by 2013. This indiates the high demand on low pried, highlye�ient oupling methods.In the previous paragraphs, this thesis presented an integrated and ompat �ber ou-pler designed exatly for this purpose.While the demands for large-sale prodution are already met with the repliationtehniques of soft lithography, further improvement in the prodution proess an dereasethe osts even more. Two basi assembly skethes follow.The transeiver module onsists of a PCB with eletronis for the eletro-optial on-version and a basi mount on whih the �bers will later be �xed for strain-relief. A simpleway to integrate the optis is to �rst �nish the omplete eletronis on the board, �ip-hipping the VCSEL, and to run a basi power test. If everything is working, the optisare integrated in the next step. A thin layer of UV adhesive is applied onto the VCSELsand the optial oupling module, whih onsists of a thin substrate with repliated inte-grated �ber ouplers on it, is aligned above them. After a short UV �ash for uring, themodule is �xed and the �ber bundle an be inserted in one step, sine the pith of theoupler is exatly 250 µm mathing the pith of �ber bundles. Now the �bers have to be�xed and the omplete assembly an be enapsulated.It would be even more bene�ial, if the substrate for the integrated �ber ouplerswould beome dispensable by repliating the integrated �ber ouplers diretly on top ofthe VCSELs. This ould be ahieved with a high preision �ip-hip mahine, whih already�ip-hipped the VCSEL and exatly knows, where the VCSELs are. By hanging the headof the �ip-hip mahine with a PDMS stamp, the same mahine an be used to repliatethe strutures diretly. A seond advantage of this diret method is an inreasing ouplinge�ieny due to the redued distane between VCSEL and �ber oupler, sine the substratelayer disappears. Figure 7.31 depits how suh a design of an optial module for a 6 hannelbidiretional AOC able would look like.The transmission speed only depends on the eletronis, whih reahed a speed of
12.5 Gbps per hannel in 2009 with even higher rates being announed. The presentedvery ompat integrated �ber oupler allows designs with a density of four hannel permillimeter per layer. Sine the height of suh an assembly is < 2 mm one might thinkabout integrating more than one layer into the plug. Assuming a 2 layer design with a
1 cm optial module ontaining 20 bidiretional links with 10 Gbps eah, the transmissionspeed of this able would be 400 Gbps bidiretional at a able size of ≈ 10 mm x1 mm.7.7 ConlusionThe market for ables with optial transmission is growing rapidly, not only the longdistane area of teleommuniations, but also at short distanes. Ative optial ablesare perfetly suited to satisfy the market demands of a able that an be handled like a
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Figure 7.31: Design of the optial module of an AOC with 6 bidiretional hannels andthe integrated �ber oupler version 3standard opper able without thinking about optis, but providing all bene�ts of optialtransmission. The appliation area is not limited to high performane omputing andspeial senarios like in high energy physis but will grow into shorter distanes and intothe onsumer market one the osts of the optial assembly are redued.The presented onept of an integrated �ber oupler with a fousing mirror is very wellsuited for exatly this purpose, o�ering high oupling e�ienies, very ompat designs,and standardized repliation methods. The measured oupling e�ieny of 40% with anintegrated �ber oupler version 3 on a substrate an even be improved; by optimizingthe mirror surfae as presented with the perfet mirror design in the previous hapter,or by reduing the distane between VCSEL and �ber. The latter an be ahieved withan adapted repliation method rendering the arrier substrate unneessary. The ouplinge�ieny using the perfet mirror surfae inreases to the theoretial maximum of 96.4%,all losses being due to refration index boundaries whih an be further dereased by indexmathing.The master for the demonstrator of the integrated �ber oupler was produed with UVdeep lithography and repliated with soft lithography.



Chapter 8Parallel mirosopy for the ViroQuantprojetThe ViroQuant projet is established under the roof of the BioQuant projet as part ofFORSYS (Forshungseinheiten der Systembiologie). As a projet in the �eld of systemsbiology, it fouses on the systemati and quantitative investigation of omplex ellularnetworks that are essential for viral infetions. As one part of the projet, biologists de�neand model gene funtions on a genome-wide sale using high-throughput �uoresene-mirosopy [42℄. Besides a high spatial resolution, the imaging speed, espeially in time-lapse imaging [41℄, is an important fator.A signi�ant inrease in san speed an be ahieved by parallelization. The parallelismof mirosopy is limited by the size of one imaging system and the ratio between lensdiameter (DL) and the �eld of view (FoV) of the objetives. Thus miniaturization o�ersthe possibility of a higher degree of parallelism. Furthermore, the aberrations sale downwith the lens size (see Lohmann [35℄).In the following paragraphs, parallel mirosopy is investigated and maro objetives,miro lenses, and GRIN-rod lens systems are ompared. The latter will be analyzed inmore detail. Sine the exitation light has to be separated from the imaging light in �uo-resene mirosopy, a beam splitter is neessary. The hapter is losed with an assemblysuggestion for a parallel mirosope using GRIN-rods, an integrated beam splitter, andompat mounts fabriated with UV deep lithography.8.1 High-throughput parallel mirosopyIt is lear that the speed of mirosopy an be inreased by reduing the number of me-hanial sans over the substrate. Assuming that the mehanial sans our along they-axis, one distinguishes between a parallelization in x-diretion and in y-diretion. Figure8.1 depits the important parameters for a parallelization in x-diretion.At the beginning, only the parallelization in the x-diretion is onsidered, sine they-diretion requires only a repliation of the hardware. An important fator for parallel125
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Figure 8.1: Important paramters for a mirosopy parallelization in x-diretionmirosopy is the ratio between FoV and DL. The maximum degree of parallelism anbe ahieved ideally if FoV/DL = 1. The ratio is limited geometrially by the desiredmagni�ation and in quality by aberrations of the lens system.8.1.1 Important parameters for parallel mirosopyThe maximum degree of parallelism in x-diretion Nx is determined by
Nx =

W

DL

(8.1)and the �eld of view an be desribed with the relation fator α by
FoV = α · DL. (8.2)With Nx and FoV the minimum number of sans Nscans on a substrate with the width Wresults in
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. (8.3)Finally, the time needed to san a whole substrate is determined by
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8.1 High-throughput parallel mirosopy 127Equation 8.4 points out three parameters to further optimize the sanning speed of aparallelized mirosope in x-diretion: derease the ratio DL/FoV , inrease the paralleliza-tion in y-diretion, and inrease the sanning speed. The ratio DL/FoV is limited by theperformane requirements on the optial design. A larger FoV , and keeping DL onstantinreases the omplexity of the design. The parallelization in y-diretion equally dependson the size of the lens DL and also on the size of the eletronis, while the sanning speeddepends on the detetor's quantum e�ieny and the �uoresene properties. Sine lensaberrations sale down with the lens diameter, reduing the omplexity of the opti designfor a high DL/FoV ratio and the parallelization in y-diretion also inreases with smallerlens sizes, these results suggest to fous on designs with miniaturized lenses in order tospeed up the system.Another time onsuming fator has to be mentioned here: the time for fousing. Inan examination of the system the biologists were using, most of the sanning time wasspent on �nding the orret fous beause their substrates were not �at. This problem isapproahed in two ways at the moment: measurement of the surfae pro�le using de�e-tometry (Slogsnat et al. [48℄) in order to alulate the orret working distane for eahspot, and the development of an optial �at substrate.At the time, the optial �at substrate is developed by a group from the ViroQuantprojet. The mirowell ell array ontains 9216 physially separated mirowells [25℄, see�gure 8.2, with a �at surfae. A spot diameter of 400 µm and a pith of 750 µm in bothdiretions is planned.

Figure 8.2: Mirowell ell array with a �at surfae and 9216 physially separated mirowells,the new version shall reah ∆x = ∆y = 750 µm (image soure: ViroQuant)In the following paragraphs, four di�erent approahes for high throughput parallelsanning mirosopy systems are analyzed and ompared: a lassial approah, an approahwith miniaturized lenses, one with miro lens arrays, and an approah with GRIN lenses.



128 CHAPTER 8. PARALLEL MICROSCOPY FOR THE VIROQUANT PROJECT8.1.2 Parallelization with lassial objetivesOpti design is a siene and sometimes an art. Many years of development were investedin order to produe the high performane objetives for �uoresene mirosopy o�ered bydi�erent ompanies. Therefore the �rst approah of parallel mirosopy desribed here, usesommerially available objetives. The advantages are that these objetives are alreadyoptimized for �uoresene appliation and are di�ration limited going from UV to the nearinfrared. A parallelized system of ommerially available objetives is developed by thePhD student Lars Lehmann from the ViroQuant group. The system onsists of OlympusUPLSAPO 10X2 objetives with a numerial aperture of 0.4, a lens diameter DL of 28 mm,
FoV of 2600 µm, and a parallelization fator Nx = 5. The hallenges in the developmentare: ompat mehanis, alignment and assembly, and the integration of suitable ameras.8.1.3 Parallelization with miniaturized lensesWhile lassial opti design with glass lenses is well understood, the design of systemsusing miro lenses and repliation material is still a researh �eld. A leading ompany inthe �eld of miniaturized parallel mirosopy is d.metrix. They assembled a system withfour miniaturized polymer lenses, inluding two aspheri surfaes, overing a �eld of viewof 250 µm. With a numerial aperture of 0.7, and a ratio of DL/FoV ≈ 8, the di�rationlimited system shows the potential of miniaturized designs. Their opti design is depitedin �gure 8.3.

Figure 8.3: D.metrix opti design for miniaturized parallel mirosopy DL/FoV = 8These miniaturized objetives are assembled in a 2D array in a kind that one san oversa omplete area in one step. Sine the hromati aberration is only slightly orreted byusing two di�erent polymers (COC and Polystyrol), the design is limited to a narrowwavelength bandwidth.8.1.4 Parallelization with miro lens arraysFurther redution of the size leads to the domain of miro lenses. They exist in manydi�erent sizes, typially going from DL = 100 µm to DL = 1000 µm. While in the last twodesigns, both surfaes of a lens were used to minimize the aberrations, one side of miro



8.1 High-throughput parallel mirosopy 129lenses is often planar. One of their advantages is that they are produed with high aurayin arrays, alled miro lens arrays, reduing the alignment omplexity in the subsequentassembly, sine only one substrate has to be aligned instead of many single lenses.Due to the size of the miro lenses in omparison with the required FoV = 400 µm, itbeomes obvious that more than one san is neessary to over one spot. The followingsystem onept was developed to show a minimalisti design using only three lenses withplanar surfaes and a magni�ation equal to the ratio DL/FoV . The FoV was set slightlylarger than half the size of the required FoV, in order to be able to image one spot withtwo sans. In addition to the two previous designs, a beam splitter is integrated into thedesign, symbolized by a square blok of material. The beam splitter will later be used toouple the stimulating light into the system. The design is depited in �gure 8.4.
Figure 8.4: Opti design with 3 miro lenses and a beam splitter, DL/FoV = 5, NA = 0.28With 2 aspheres, 1 wavelength, 1 lens material, and a redued numerial aperture of
0.28, the design is almost di�ration limited aross the whole FoV of 220 µm (see spotdiagram in �gure 8.5) with a lens diameter of only 1 mm. Eah lens onsists of 500 µmthik silia substrate with a repliated lens on top of it.The harm of suh a system lies within the greatly redued ost in large-sale produ-tion. One a master is fabriated, the system onsists of low ost repliated miro lensarrays on planar substrates. The omplex alignment of single lenses to form objetives andthe subsequent assembly of objetives to parallel systems is redued to the alignment of afew layers.8.1.5 Parallelization with GRIN rod lensesGRIN rod lenses fous light by their gradually hanging refration index. They are om-merially available and di�ration limited up to a numerial aperture of 0.5. The gradientindex is typially radial symmetri along the optial axis with the highest value in themiddle, dereasing in a seh-like pro�le with inreasing r. The material that is di�usedinto the glass body de�nes the important parameters of a GRIN lens suh as pith andabsorption. Silver and lithium are often used for the di�usion. While silver allows highergradients, the absorption below 450 nm inreases rapidly. GRIN lenses with lithium showan inverse behavior, low absorption till 350 nm but also lower gradients inreasing the rod'spith size. The transmission spetra for GRIN rod lenses with silver and lithium are shownin �gures 8.6 and 8.7.Sine lithium rods are not suited for mirosopy due to their large pithes, whih
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Figure 8.5: Spot diagram of the miro lens array design, NA = 0.28, magni�ation 4.6orresponds to low numerial apertures for a �xed lens diameter, only silver rods areregarded in the following.8.1.5.1 The optial designThe optial design of the GRIN rod system is based on the required FoV of 400 µm and anumerial aperture of 0.3. Sine the GRIN rods have to be mounted on substrates, 500 µm
SiO2 mount substrates are added in the design, see �gure 8.8.Whih side of the lens the substrates are added on has a huge in�uene on the laterperformane. For the �rst lens, the substrate is better plaed behind the lens; if not, theouter rays propagate loser to the boundaries of the lens, inreasing the aberrations. Forthe seond lens, the substrate is again better plaed behind the lens; hanging the orderof lens and glass inreases the spot sizes by more than a fator of two.The ideal gradient index pro�le of a GRIN rod lens is the seh-pro�le, onsidering theimaging from the front surfae to the bak surfae of the GRIN rod lens. This pro�le isoften approximated with a Taylor series whih is ut o� after the 4th order term:

n (r) = n0 + nr2 · r2 + nr4 · r4 (8.5)In order to ahieve a di�ration limited design for a large �eld of view, the parameter
nr4 of the lenses had to be optimized as well. It was hanged for the �rst lens from
0.0044 (value from GRINTECH) to 0.001736 and for the seond lens to 0.009512. Thespot diagrams without and with optimized nr4 are shown in the �gures 8.9 and 8.10 .
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Figure 8.6: Transmission spetrum forGRIN rods with silver Figure 8.7: Transmission spetrum forGRIN rods with lithium
Figure 8.8: GRIN rod lens design with beam splitter and substrates (DL/FoV = 5, NA =
0.3, magni�ation 4.8)8.1.5.2 Chromati aberrationsFor most of the appliations in mirosopy, it is essential to orret the objetives for aspei� wavelength spetrum. Due to the dispersion of optial materials, the refrativeindex for blue light is higher than for red light. Therefore in imaging, the foal length forblue light is shorter than for longer wavelengths. The variation of paraxial foal lengthdepending on wavelength is alled hromati longitudinal aberrations.The hromati foal shift desribes the position variation of the optimal fous for di�er-ent wavelengths. Good hromati aberration orretion results in a onstant fous positionwhile no orretion results in a varying position. The foal shift for the desribed GRINsystem is depited in �gure 8.11.The diagram shows the strong hromati aberrations of the GRIN system in terms ofhromati foal shift. The aeptable wavelength spetrum is smaller than 10 nm, limitingthe design to a very narrow spetrum.One possible improvement of the system is the implementation of a di�rative optialelement in order to minimize the hromati aberrations.
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Figure 8.9: Spot diagram of the opti designwith ommerial available GRIN rod lenses,
(DL/FoV = 5, NA = 0.3, magni�ation4.8) Figure 8.10: Spot diagram of the opti de-sign with optimized (nr4) GRIN rod lenses,

(DL/FoV = 5, NA = 0.3, magni�ation4.8)8.1.6 ComparisonBefore the systems are ompared, a few words about balaned opti designs in relation tothe eletronis are needed. The performane of the system not only depends on the optis,but also on the eletronis, espeially on the amera and its pixel size. Even if the optisare di�ration limited and image a 1 µm point with magni�ation 5 perfetly on a 5 µmspot, the amera still has to sample it aording to Nyquist with at least two pixel to avoidsampling errors. The pixel size would have to be < 2.5 µm. At the time, available ameras'or sensors' minimum pixel sizes are > 4 µm. Therefore, a minimum magni�ation of 8 isneeded to avoid resolution loss due to too large amera pixel.The omparison for high-throughput parallel mirosopes in table 8.1 does not inludeonsiderations about the eletronis and fouses only on the performane of the optis.The important number for the ViroQuant projet is `Sans to over spots'. This numberaounts for the dimensions of the mirowell ell arrays whih will be used in the ViroQuantprojet. Sine the spot diameter is 400 µm and the pith is 750 µm, the optis do not have tosan the omplete substrate but only the spots. The number `Sans to over spots' spei�esthe number of sans needed to san all spots on a mirowell ell array with a mirosopeparallelized in x-diretion (Nx maximal). The number is equal to the y-parallelization Nyrequired to san the substrate in one pass.The hromati aberration orretion is spei�ed with two wavelengths for the mirolens array and GRIN rod lens system. The reason is the integrated beam splitter foroupling the exitation light into the system. Sine the light path for the simulated lightis separated, it an be optimized individually.The omparison shows that the GRIN rod lens system overs all spots with a degreeof parallelization of only three in y-diretion, allowing the most ompat design. The
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Figure 8.11: Chromati foal shift of the GRIN systemClassi parallel Mini. lenses Miro lenses GRIN rod lensesMagni�ation 10 7 4.6 4.8NA 0.4 0.7 0.28 0.3Objet resolution ≈ 1 µm ≈ 1 µm ≈ 1 µm ≈ 1 µmChr. aber. orr. yes minor 2 wavelengths 2 wavelengthsLens diameter 28 mm 2 mm 1 mm 2 mmField of view 2600 µm 250 µm 220 µm 400 µmSans for total plane 12 8 5 5Sans to over spots 12 6 4 3Table 8.1: Comparison of the important parameters for a parallel mirosope design: las-sial system, miniaturized lenses, miro lens arrays, and GRIN rod lens system



134 CHAPTER 8. PARALLEL MICROSCOPY FOR THE VIROQUANT PROJECTfollowing paragraphs will desribe how suh a system would look like and how it would beassembled.8.2 Conept and assembly of a parallelized mirosopeusing GRIN rod lensesThe GRIN rod lens design onsists of two GRIN rod lenses mounted on substrates with abeam splitter in between, as depited in �gure 8.12.The beam splitter, sensitive to wavelengths, ouples the exitation light into the ob-jetive and also separates the re�eted exitation light from the imaging light. Sine theexitation wavelength is shorter than the emission wavelength, the beam splitter is re-�etive for wavelength up to a ertain limit and transparent for wavelengths above. Theassembly is desribed in the next paragraph.8.2.1 AssemblyThe assembly is done in three steps: fabriation of substrates with ring mounts for theGRIN rods, insertion and �xation of the GRIN rods, alignment of the two GRIN rodlayers and the beam splitter. UV deep lithography is used to fabriate the ring mounts forthe GRIN rods. Aording to the dimensions of the ViroQuant mirowell ell array, thesmallest pith of the lenses in x-diretion is 3×750 µm = 2250 µm. The pith in y-diretiondepends on the size of the illumination soure and the eletronis, and might be around
6 mm. Three parallelizations in y-diretion are needed to san the substrate in one turn,eah line shifted by 750 µm. The optial assembly with Nx = 4 and Ny = 3 is illustratedin �gure 8.13.After the fabriation of the ring mounts on a substrate, the GRIN rod lenses are insertedand �xed. Due to the high preision of the lithographi fabriated mounts, the GRIN rodsof this plane are aligned automatially. The beam splitter and the two substrates withGRIN rods are the three layers whih have to be aligned and �xed for the �nal assembly.The result is a ompat three layer stak, inluding all passive optial omponents in oneblok.8.2.2 Beam splitterThe beam splitter master was fabriated with miro preision mahining by LFM in Bre-men. The sample is 20 mm long and due to the diameter of the lenses 2 mm high (seeonept in �gure 8.14). Using diret UV repliation, the master was repliated in UVadhesive. The fabriation is desribed in more detail in hapter 2.3 on page 37 and therepliation in hapter 3.1 on page 42.Re�etive oatings on the beam splitter surfaes apply the funtionality to be transpar-ent for the imaging light and to be re�etive for the exitation light (see �gure 8.15). Whilere�etive oatings on glass and metal are state of the art, re�etive oatings on polymers
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Figure 8.12: GRIN rod lens system designwith 2 lenses and 1 beam splitter Figure 8.13: Planar assembly of a paral-lel mirosope using GRIN rod lenses anda beam splitterare not (Munzert et al. [40℄). Munzert et al. desribe in their paper how polymers areoated with high re�etive layers using the properties of the polymer. One the beamsplitter is oated, the slanted grooves are �lled with the same material the beam splitterwas made of, perfetly mathing all indies and making the beam splitter a planar blok.

Figure 8.14: Tehnial draw for the masterof the beam splitter Figure 8.15: Funtionality of the beamsplitter: re�etive for illumination light,transparent for imaging lightIn summary, the prodution and repliation for the beam splitter was suessful. Whilethe funtionality using oatings was demonstrated by other groups, it has yet to be demon-strated for the repliated beam splitter.



136 CHAPTER 8. PARALLEL MICROSCOPY FOR THE VIROQUANT PROJECT8.3 Auray of paraxial optis for GRIN rod lensesCommerial GRIN rod lenses, as found in atalogs, are mostly desribed by paraxial for-mula. In the following, the auray of this desription is ompared to a more rigorousalulation using the software Zemax. Three appliations using one GRIN rod lens areompared: imaging system, oupling system where a point soure in front of the GRIN isimaged on its bak surfae, and the ollimator system whih transforms a point soure infront of the GRIN into parallel light.
Figure 8.16: Shemati draw of an imaging system using one GRIN rod lens8.3.1 Paraxial alulationIn paraxial optis, systems an be desribed by ABCD matries. A simple imaging systemonsists of two propagation matries and one matrix desribing the optial system. If theoptial system onsists of one GRIN rod lens with the index pro�le

n (r) = n0 sech(g · r) (8.6)with the approximation
n (r) ≈ n0
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. (8.8)From formula 8.8, the following equation an be derived by laiming the term m12 in theexpanded matrix to beome zero:
atan (n0 g d1) + atan (n0 g d2) = N π − g L N = 1, 2, 3, ... (8.9)with the refration index of the GRIN rod in the enter n0, the objet distane d1, theimaging distane d2, and the gradient onstant g.



8.3 Auray of paraxial optis for GRIN rod lenses 137Sine this formula is only paraxial, the question omes to mind, how exat this formulais if one inreases the numerial aperture. The following paragraphs ompare the paraxialanalytial solution with a ray trae simulation in Zemax whih inludes higher terms forthe approximation of the GRIN index pro�le.8.3.2 Imaging systemFor a given GRIN rod lens with the diameter D = 2 mm, the refration index n0 = 1.629and g = 0.312 /mm, the paraxial formula given in equation 8.9 is used to alulate thesystem parameters: d1 = 0.984 mm, L = 5.03 mm, d2 = 3.948 mm, and magni�ation
m = 2. Aording to formula 8.7, the oe�ients for r2 and r4 are: nr2 = −0.079287 /mm2and nr4 = 3.21589 · 10−3 /mm4. The plot in �gure 8.18 shows the RMS spot radius inrelation to lateral shifts around the alulated d2, while all other parameters are kept�xed. Figure 8.17 depits the optimal spot diagram for d2 = 3.97 mm.

Figure 8.17: Spot diagram in the fous at
d2 = 3.97 mm
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paraxial 3.948Figure 8.18: Spot RMS size: san throughthe fous of the imaging systemThe foal shift between paraxial alulation and simulation results as 22 µm.8.3.3 Coupling systemIf d2 is set to zero, the imaging system fouses on its bak surfae, �gure 8.19. Oneappliation of suh a system is �ber oupling. With d2 = 0, formula 8.9 is simpli�ed to
atan (n0 g d1) = N π − g L N = 1, 2, 3, ... . (8.10)A typial VCSEL to �ber oupling problem, as desribed in the previous hapter, is aVCSEL in distane d1 = 400 µm from a possible ollimating GRIN rod lens with a diameterof D = 250 µm. Sine geometri optis sale proportionally in size, saling this problemby a fator of eight leads an equal system with d1 = 3.2 mm and a GRIN rod lens withsame parameters as disussed for the imaging system. Formula 8.10 alulates the length
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L of the required GRIN rod lens as L = 6.8015 mm for the saled system. The aurayof this solution is now ompared with the analytial solution through a foal san aroundthe distane d1 with a �xed L, see �gure 8.20.

Figure 8.19: Setup of the GRIN oupler 3.2 3.25 3.3 3.35 3.4 3.45
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paraxial 3.2Figure 8.20: Spot RMS size: san throughthe fous of the oupler systemThe alulated soure position is 100 µm loser to the GRIN rod lens than the simulationsuggests. While the rays are very lose to the optial axis indeed fous on the paraxialdistane, the aberration from the outer rays shift the optimal position.8.3.4 CollimatorA ollimator transforms a point soure into ollimated light. The paraxial formula, in thisase
d1 =

1

n0 g · tan (g L)
, (8.11)delivers d1 = 0.256 mm for the same GRIN rod lens as in the previous paragraphs but witha length of L = 4.62 mm. Sine no real fous exists on the bak surfae, this time the RMSdiretion osines are used to evaluate the degree of ollimation.Here, the paraxially estimated position of the soure is 12 µm behind the optimal sourespot.8.3.5 SummaryIn onlusion, the paraxial formulae are well suited for a �rst estimation of the systemparameters, but for numerial apertures outside the paraxial restritions one has to simulatethe system in order to ahieve the best possible result.
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Figure 8.21: Setup of the GRIN ollimator 0.22 0.23 0.24 0.25 0.26 0.27
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paraxial 0.256Figure 8.22: RMS of diretion osines: santhrough soure positions d1 along the opti-al axis8.4 ConlusionParallelization speeds up the sanning speed of high-throughput mirosopy, enabling biol-ogists to san a larger parameter spae in their experiments. At the time, a parallelizationof lassial objetives with an optimized substrate and automated sanning mehanis aredue to their high imaging quality the best hoie for the assembly of parallel systems.Miniaturized objetives with repliated lenses for parallel mirosopes are starting to be-ome ommerially available and will inrease their market share, beause they beomeloser to the lassial objetives in optial performane while being heaper in produtionand easier to assemble. The presented GRIN rod lens system shows the highest poten-tial for a very fast and ompat sanning parallel mirosope, but a hromati aberrationorretion has to be inluded and the funtionality of the oated beam splitter has to bedemonstrated.
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Chapter 9Summary and perspetive
SummaryMiniaturization in general and optis in partiular are both key tehnologies driving theprogress in many multidisiplinary areas, enabling produts with more funtionality at re-dued size and osts. At the time, miniaturization is often limited by the apability of theapplied fabriation proesses. Improvements in the fabriation tehnologies often lead toimprovements in the produts. UV deep lithography is one tehnology for the fabriationof miniaturized omponents and is desribed in the �rst part of this thesis.The results obtained by photolithography are generally determined by the performaneof the optis, the properties of the resist, and the applied proesses. The thesis starts withan investigation of the important parameters for illumination systems used in hard ontatmask lithography. Homogeneity, angular deviation, and irradiane of a UV illuminationsystem are simulated, optimized, and measured in order to improve the quality of theresulting SU-8 strutures. Applying an aperture in the foal point behind the �y's eyedereases the angular divergene at the ost of homogeneity and irradiane. Senarioswith di�erent aperture radii are disussed. An aperture with a radius of ra = 8.5 mmwas mounted into the illumination system, halving the angular deviation while keepinghomogeneity and irradiane in a tolerable region.Inlined and multidiretional exposure inrease the variety of lithographially produedstrutures. A new setup for slanted exposure, using water immersion and a silia prism,is introdued, and the irradiane inside the photoresist in dependene of the angle ofinidene and the di�erent layers are analyzed. The analysis showed that water immersionand prism inreases the possible struture angles from 36◦ up to 50◦. For higher angles,index mathing with a higher refration index is needed.While the fabriation of miniaturized master strutures is usually expensive, repliationtehnologies enable low pried large-sale prodution. A diret UV repliation method andsoft lithography are investigated. In partiular soft lithography using PDMS is perfetlysuited for the repliation of lithographially produed strutures and is already used in143



144 CHAPTER 9. SUMMARY AND PERSPECTIVEindustrial environments. The soft PDMS stamp also has the disadvantage of deformingunder pressure, making it di�ult to minimize the remaining repliation material layer.Experiments on thin substrates showed that thin PDMS stamps, with the height of 1.5 mm,allow repliations with high auray and a minimal UV bias of about 40 µm.Light propagation methods in geometrial optis and salar wave optis are the top-is of the seond part of the thesis. The demands of an optimized mirror surfae for a�ber oupler required the development of a ustomized ray traer. Gaussian point andarea soures are simulated using de�ned point distribution rather than a Monte-Carlo-Simulation. Starting from a ring model for point soures used by the simulation softwareZemax, whih generates quite homogeneous ray distributions on a sreen, this model isexpanded to simulate Gaussian point and area soures by weighting eah ray aording tothe Gaussian funtion. The auray of this deterministi ray model is further improvedby mixing disrete ring radii (alled hexa mode) with a ontinuous helix like model (alledhelix mode). For the desired appliation of passing energies through apertures, the errorof the mixed mode for point soures drops under 1% for less than 10k rays, while for areasoures 30k rays are required for an auray of 2%.Salar di�ration is often modeled by either the Rayleigh-Sommerfeld or the Fres-nel method, the latter being an approximation of the �rst method. Both methods arerestrited in their allowed approximation length zmax. An analysis showed that the max-imum propagation length zmax depends on the sampling number N and the ratio dx2/λ,
zmax ≈ N · dx2/λ. Inreasing the propagation distane beyond zmax introdues samplingerrors. The in�uene of this error depends on the spetrum of the propagating plane waves:if the spetrum energy is very lose to zero for the higher frequenies, zmax an be furtherinreased. If not, another method alled QFQ method is proposed to be used instead.Going from homogeneous to non homogeneous media, the salar methods have to beadapted. The beam propagation method (BPM) and the wave propagation method (WPM)divide the volume into small z-slies and propagate the light step by step through theseslies. While BPM assumes a homogeneous medium in eah slide and applies a phase or-retion after eah propagation step, the WPM aounts diretly for the di�erent refrationindies in the media. The propagation through a series of Maxwell's Fisheyes illustratesthe higher auray of the WPM but also shows an energy problem of the standard WPMmethod. An analysis reveals that the additional energy is generated in the frequeniesnear the evanesent limit. Di�erent lipping methods for frequenies near the evanesentlimit are introdued to eliminate the energy gain. The lipping depends on the mediathrough whih the waves are propagating. Index steps a�ord a more restrited lippingthan gradient index pro�les, but this has to be further analyzed than presented here.An expanded version of the salar propagation methods, whih inludes absorption, isthen used to simulate the intensity distribution inside a 3D absorbing volume behind anaperture. This method is further expanded to simulate partially oherent light soures witha spei�ed angular spetrum by deomposing the spetrum into plane waves, alulatingthe di�ration and propagation of eah plane wave and summarizing the intensities in thelast step. The observed ri�es near orners of some retangular SU-8 strutures are also



145found in the 3D simulation, indiating that these ri�es our due to light di�ration atthe aperture.Appliations of miniaturized omponents in optial interonnets and parallel mirosopyare disussed in the third part.Interonnets between hips, boards, omputers, or larger entities are still mostly ele-tri. The bandwidth demands inrease while the eletri interonnets already push thephysial limitations foring the developer to think about new onepts. Going from eletrito optial interonnets removes the transmission restritions of eletrial wires but intro-dues new problems suh as inreasing the osts, primarily in the prodution of eletrioptial transeivers but also in handling issues onerning �ber tehnologies. A new on-ept to ouple soures (VCSELs) to reeivers (photodiodes) is introdued, allowing veryompat and low pried transeiver modules. The onept onsists of an integrated �bermount for the alignment of �bers and a 45◦ mirror to de�et the light by 90◦ from and intothe �bers. The oupling e�ieny is largely inreased by optimizing the mirror surfae andreduing the distane between �ber and the ative optial omponents, allowing ouplinge�ienies of 40%. Demonstrators are built using multidiretional UV deep lithographyin SU-8 and soft lithography for repliation on thin substrates. The thesis also showsthat these integrated �ber ouplers are suited for large-sale prodution, beause standardrepliation tehniques like soft lithography are appliable. Ative optial ables are oneimportant industrial appliation of this new oupling onept where a ompat eletro-optial reeiver has to be integrated into the onnetor, but every other appliation where�ber oupling is required, is also feasible.Miniaturization is also interesting for parallel mirosopy. An analysis of the importantparameters of sanning mirosopy onerning the optis is desribed. Sine the lens di-ameter in relation to the �eld of view is the limiting fator for parallelization, four di�erentonepts are presented and analyzed: a lassial approah, one with miniaturized lenses,one with miro lenses and �nally one with GRIN rod lenses. The ustom-made GRINrod system, optimized for the mirowell ell array used in the ViroQuant projet, allowsthe most ompat design, hene the fastest one. Finally, the design, assembly and someomponents of the GRIN rod system are presented.PerspetivesMiniaturization will ontinue in many �elds of tehnology, allowing to integrate more fun-tions into an equal volume. For example in the �eld of optial interonnets, where ativeoptial ables started with four interonnets in one onnetor, twelve interonnets arealready announed and more will follow. Improvements in fabriation proesses like ul-tra preision mahining will further inrease the diversity of miniaturized omponents andmight soon make elliptial shaped mirror surfaes for the presented integrated �ber ouplerpossible, inreasing the oupling e�ieny to 96%. A higher oupling e�ieny also re-dues the heat generated by the devie, beause the VCSEL's power an be redued while



146 CHAPTER 9. SUMMARY AND PERSPECTIVEstaying in the boundaries of the power budget.The redued size of optial omponents will emphasize the researh in simulation meth-ods for an aurate treatment of the vetorial harater of light. The presented salarmethods are only aurate for apertures onsiderably larger than the wavelength. Theombination of di�erent methods to simulate an optial system has already begun. Clas-sial ray traer o�er wave analysis methods and already implement polarization e�ets.Optial simulations will have to ombine methods for all distanes, from near �eld to far�eld, in order to satisfy the demands of the market. The inreasing omputational powerwill further support the omputationally intensive simulations and thus allowing them tobeome more realisti, not only by faster proessors but also by speialized expansion ards,for example GPUs.Miniaturization in parallel mirosopy has already begun, like the system from Dmetrixproves. These systems are still limited by the small variety of materials suitable for repli-ation in omparison with the vast glass atalog available to lassial opti designer. Withthe researh going on, new polymer ombinations might improve the hromati aberrationsenough to reah the imaging quality of lassial objetives. With an integration of hro-mati aberration orretion, the presented ustomized GRIN rod system will beome aninteresting alternative to lassial parallel mirosopes, reduing the number of sans for aomplete mirowell ell array to one.
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