
 

PATTERN-INTE GRATED INTERFERENCE LITHOGRAPHY  

FOR TWO-DIMENSIONAL AND THRE E-DIMENSIONAL 

PERIODIC -LATTICE -BASED MICROSTRUCTURE S 

 

 

 

 

 

 

 

 

 

 

A Thesis 

Presented to 

The Academic Faculty 

 

 

 

By 

 

 

 

Matthieu C. R. Leibovici 

 

 

 

 

In Partial Fulfillment 

Of the Requirements for the Degree 

Doctor of Philosophy in Electrical and Computer Engineering 

 

 

 

 

 

 

Georgia Institute of Technology 

December 2015 

 

 

Copyright © Matthieu C. R. Leibovici 2015   



 

PATTERN-INTE GRATED INTERFERENCE LITHOGRAPHY  

FOR TWO-DIMENSIONAL AND THRE E-DIMENSIONAL 

PERIODIC -LATTICE -BASED MICROSTRUCTURE S 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Approved by:   

   

Professor Thomas K. Gaylord, Advisor 

School of Electrical and Computer 

Engineering 

Georgia Institute of Technology 

 Professor Phillip N. First 

School of Physics 

Georgia Institute of Technology 

   

Professor Bernard Kippelen 

School of Electrical and Computer 

Engineering 

Georgia Institute of Technology  

 Professor Donald D. Davis 

School of Electrical and Computer 

Engineering 

Georgia Institute of Technology 

   

Professor Oliver Brand 

School of Electrical and Computer 

Engineering 

Georgia Institute of Technology 

  

 

   

  Date Approved:  November 6, 2015 



 

 

 

 

 

 

 

 

 

A mes parents, Christine et Gérald 

 

 

 

 

 

 

 

 

 

 

 



iv 

ACKNOWLEDGEMENTS  
 

 

 

First and foremost, it has been a true privilege to work under the guidance of Professor 

Thomas K. Gaylord.  His constant, unswerving positive attitude has always kept me 

optimistic.  In both his private and professional li fe, he is a true gentleman and a role model.  

He will always be a source of inspiration in my future career and personal life. 

I would like to extend my sincere thanks to my thesis committee members: Professor 

Bernard Kippelen, Professor Oliver Brand, Professor Phillip N. First, Professor Donald D. 

Davis, Dr. Justin L. Stay, and Dr. Sorin Tibuleac for their advice and for making the time 

within their busy schedules to participate. 

I am deeply indebted to past and present members of the Georgia Tech Optics 

Laboratory: Dr. Chien-I Lin, Dr. Michael Hutsel, Dr. Jonathan Maikisch, Dr. Matt Burrow, 

Dr. Micah Jenkins, Donald Sedivy, Marc Beudet, Sylvain Leliepvre, Joe Kummer, Shruthi 

Vadivel, Raymond Wong, and Congshan Wan.  Thank you for your helpful contributions, 

the hours spent on reviewing manuscripts and refining oral presentations, the insightful 

Friday lunches, and the Pi-mile races. 

I would like to thank Gary Spinner, Todd Walters, Eric Woods, Mikkel Thomas, and 

Hang Chen from the Institute for Electronics and Nanotechnology for their help and 

guidance in the cleanrooms.  Thanks also to Marion Crowder from the ECE Digital Media 

Lab for video-taping my TI:GER presentation and my PhD defense. 

I am also grateful to my TI:GER teammates as well as Margi Berbari and Professor 

Mary Thursby.  Thanks to them, I gained new perspectives on my research and developed 

my entrepreneurial spirit. 

Special thanks should go to all my friends in Atlanta and France.  They have kept me 

level-headed and supported me outside (and even sometimes inside) the classrooms and 

the cleanrooms.  I wish I could list all their names. Yet, I know they will recognize 



v 

themselves in these words.  Thank you et merci! 

Cette thèse nôaurait ®galement pas pu être possible sans ma famille.  Ma mère Christine 

et mon p¯re G®rald ont ®t® dôind®fectibles soutiens et de constantes sources 

dôencouragements tout au long de ma vie.  Ils ont toujours ®t® pr®sents pour me guider et 

me soutenir dans mes choix.  Ils môont également enseigné rigueur, méticulosité, et goût 

du travail bien fait.  Papa, Maman, je vous aime, merci pour vos sacrifices et tout ce que 

vous môavez appris.   

Mon enfance aurait également été bien triste sans ma sîur Margot et mon fr¯re 

Charles.  Ils ont ®t® sources dôinspiration et de courage durant ma th¯se.  Je remercie 

également toute ma famille à Paris et en province, ainsi que la famille Fabien/Hamel.  Leur 

amour et encouragements ont rechargé mes batteries à chacun de mes retours en France.  

Jôai finalement une pensée pour ma grand-m¯re avec qui jôaurais aim® partager cette 

aventure. 

Je garde enfin mes derniers remerciements, mais les plus importants, pour Chloé.  En 

Avril  2011, nous décidâmes de nous lancer dans cette aventure.  Tu as toujours été là pour 

moi depuis et finalement, cette thèse côest aussi un peu la tienne.  Alors que tes soucis 

étaient plus grands que les miens, tu nôas jamais hésité à relire mes papiers, venir me 

chercher tard sur le campus, ou bien môemmener bruncher pour oublier les moments 

difficiles.  Il y a eu de nombreux obstacles sur notre route.  Mais nous les avons toujours 

franchis ensemble.  Et côest ensemble que nous franchirons les prochains. 

 

 

 

MATTHIEU C. R. LEIBOVICI 

 

Georgia Institute of Technology 

November 2015 

  



vi 

TABLE OF CONTENTS  
 

 

 

 Page 

ACKNOWLEDGEMENTS ............................................................................................... iv 

LIST OF TABLES ............................................................................................................. xi 

LIST OF FIGURES .......................................................................................................... xii 

LIST OF ABBREVIATIONS .......................................................................................... xix 

LIST OF SYMBOLS ....................................................................................................... xxi 

SUMMARY ................................................................................................................... xxvi 

CHAPTER 1 INTRODUCTION ........................................................................................ 1 

1.1 Periodic-Lattice-Based Microstructures ................................................................... 1 

1.2 Fabrication Techniques for PLB Microstructures .................................................... 2 

1.2.1 Construction-Based Microfabrication Techniques ............................................ 4 

1.2.2 Multi-Beam Interference Lithography ............................................................... 6 

1.2.3 Modified MBIL Techniques .............................................................................. 9 

1.3 Pattern-Integrated Interference Lithography .......................................................... 14 

1.4 Research Objectives and Contributions .................................................................. 15 

1.5 Thesis Overview ..................................................................................................... 17 

CHAPTER 2 THEORY OF PATTERN-INTEGRATED INTERFERENCE 

LITHOGRAPHY .............................................................................................................. 19 

2.1 PIIL Precursors ....................................................................................................... 19 

2.1.1 Optical Interference.......................................................................................... 19 

2.1.2 Holography ...................................................................................................... 21 

2.2 PIIL Concept ........................................................................................................... 23 



vii  

2.3 PIIL Model .............................................................................................................. 26 

2.3.1 High-NA Optics Considerations ...................................................................... 27 

2.3.2 Vector Model of High-NA Imaging in Thin Films .......................................... 28 

2.3.3 MBIL Model .................................................................................................... 32 

2.4 Time-Dependent Exposure Simulations ................................................................. 34 

2.5 Summary ................................................................................................................. 37 

CHAPTER 3 PATTERN-INTEGRATED INTERFERENCE LITHOGRAPHY FOR 

TWO-DIMENSIONAL PERIODIC-LATTICE-BASED MICROSTRUCTURES ......... 40 

3.1 Photonic-Crystal Devices Design and Simulation Parameters ............................... 40 

3.2 Photomask Improvement ........................................................................................ 45 

3.3 Simulated PIIL Exposures and Estimated Fabrication ........................................... 49 

3.4 Photonic-Crystal Device Performance .................................................................... 54 

3.5 Summary ................................................................................................................. 57 

CHAPTER 4 PATTERN-INTEGRATED INTERFERENCE LITHOGRAPHY FOR 

THREE-DIMENSIONAL PERIODIC-LATTICE-BASED MICROSTRUCTURES ..... 58 

4.1 Beam Configurations for 3D-PIIL .......................................................................... 58 

4.2 3D-PIIL Exposure Simulation Parameters ............................................................. 63 

4.3 Simulated 3D-PIIL Exposures ................................................................................ 65 

4.3.1 Photomask-Integrated 3D Periodic Microstructure ......................................... 65 

4.3.2 Photomask-Shaped 3D Periodic Microstructure .............................................. 70 

4.3.3 Microcavity Integrated at the Top of a 3D Periodic Structure ......................... 72 

4.3.4 Microcavity-Integrated 3D Periodic Microstructure........................................ 74 

4.4 Summary ................................................................................................................. 76 

 

 



viii  

CHAPTER 5 PATTERN-INTEGRATED INTERFERENCE EXPOSURE SYSTEM 

DESIGN AND ANALYSIS ............................................................................................. 78 

5.1 PIIES Implementation ............................................................................................. 78 

5.2 Interference Pattern Formation Capability ............................................................. 81 

5.2.1 Range of Feasible Angles of Incidence............................................................ 81 

5.2.2 Range of Feasible Interference Periods ........................................................... 83 

5.2.3 Interference Pattern Sensitivity to Beam Misalignment .................................. 87 

5.3 Photomask Imaging with the Prototype PIIES ....................................................... 92 

5.3.1 COL Imaging Performance with Perfectly Aligned Lenses ............................ 93 

5.3.2 Imaging Performance with Decentered or Tilted Lenses................................. 95 

5.3.3 Exposure Field Distortions .............................................................................. 98 

5.3.4 Image Shifting with Beam Tilting ................................................................. 102 

5.4 Summary ............................................................................................................... 104 

CHAPTER 6 PIIL EXPERIMENTAL DEMONSTRATION ........................................ 107 

6.1 Experimental Procedure ........................................................................................ 107 

6.1.1 PIIES Alignment Procedure ........................................................................... 107 

6.1.2 Photomask Design ......................................................................................... 111 

6.1.3 Sample Processing ......................................................................................... 114 

6.1.4 Sample Focusing Procedure ........................................................................... 114 

6.2 Experimental results ............................................................................................. 116 

6.2.1 Integration of Double-Period-Blocking Photomask Patterns within a Square-

Lattice Periodic Microstructure .............................................................................. 116 

6.2.2 Integration of Single-Period-Blocking Photomask Patterns within a Square-

Lattice Periodic Microstructure .............................................................................. 121 



ix 

6.2.3 Integration of Single-Period-Blocking Photomask Patterns within a 

Hexagonal-Lattice Periodic Microstructure ............................................................ 123 

6.2.4 Exposure Field Distortions ............................................................................ 125 

6.3 Summary ............................................................................................................... 129 

CHAPTER 7 CONCLUSIONS AND FUTURE WORK ............................................... 130 

7.1 Conclusions ........................................................................................................... 130 

7.1.1 PIIL Concept and Modeling ........................................................................... 130 

7.1.2 PIIL Exposure Simulations for 2D PhC Devices ........................................... 132 

7.1.3 PIIL Exposure Simulations for 3D Periodic-Lattice-Based Microstructures 133 

7.1.4 PIIES Prototyping and Analysis .................................................................... 134 

7.1.5 PIIL Experimental Demonstration ................................................................. 136 

7.2 Future work ........................................................................................................... 137 

7.2.1 Multiple-Optical-Axis Pattern-Integrated Interference Exposure System ..... 137 

7.2.2 Partially Coherent Photomask Illumination in PIIL ...................................... 140 

7.2.3 Photomask Optimization ................................................................................ 141 

7.2.4 Photoresist processing improvement ............................................................. 143 

7.2.5 3D-PIIL Experimental Demonstration ........................................................... 143 

7.3 Concluding Remarks ............................................................................................. 144 

APPENDIX A FRINGE ZERNIKE POLYNOMIALS AND COEFFICIENTS ........... 146 

APPENDIX B MATLAB SCRIPTS .............................................................................. 150 

B.1 Main script ........................................................................................................... 150 

B.2 Mask_Generation_Function.m ............................................................................. 154 

B.3 UnitMask_Generation_Function.m ...................................................................... 155 

B.4 shifted_fourier_transform.m ................................................................................ 157 



x 

B.5 fourier_transform_5beams.m ............................................................................... 158 

B.6 stack_matrix_5beams.m ....................................................................................... 159 

REFERENCES ............................................................................................................... 164 

VITA  ............................................................................................................................... 179 

 

 



xi 

LIST OF TABLES 
 

 

 

 Page 

Table 1.1: Comparison of characteristics of fabrication techniques for PLB 

microstructures. Dashes indicate conditional/limited yes. .................................................. 5 

Table 2.1: Simulation parameters used for the simulation results of Figure 2.6. ............ 30 

Table 3.1: Comparison of transmission spectrum characteristics between the PIIL-

produced and idealized PhC devices................................................................................. 56 

Table 4.1: Field directions of the beams illuminating the photomask ............................. 60 

Table 5.1: Lens parameters of EL, CL, OL1, and OL2 as given in the datasheets. ......... 82 

Table 5.2: Numerical values of dbeam and the interference periods for the extreme 

values qbeam = 5deg and qbeam = 30deg. ............................................................................. 85 

Table 5.3: Beam parameters for the calculations of eȿ and eŪ ........................................ 90 

Table 5.4: RMS OPD for OL1, OL2, and COL at the design and exposure 

wavelengths....................................................................................................................... 94 

Table 5.5: Summary of PIIES capabilities ..................................................................... 104 

Table 5.6: Summary of PIIES sensitivity analysis compared to estimated experimental 

precision. ......................................................................................................................... 105 

Table 6.1: Experimental average lattice periods and lattice vector angles. ................... 120 

 

  



xii  

LIST OF FIGURES 
 

 

 

 Page 

Figure 1.1: Example PLB microstructures. (a) PhC band edge laser array [38].  (b) 

Schematic description of PhC biosensors [27].  (c) pH-responsive 3D periodic 

microstructure for drug delivery [31].  (d) Microfluidic mixer [33].  (e) Microfluidic 

filter [35].  (f) 2D array of fibronectin domains to study murine osteoblast cells growth.  

(g) 3D PLB scaffold for cell culture [35].  (h) Lightweight and ultrastiff 3D mechanical 

metamaterials [36]. ............................................................................................................. 3 

Figure 1.2: Multi -beam configurations and corresponding MBIL-produced periodic 

microstructures.  (a) One-dimensional grating produced by two-beam interference 

[73].  (b) 2D PhC produced by three-beam interference [74].  (c) 3D periodic lattice 

produced by four-beam interference [75].  The lattice constant depends on the common 

beam incidence angle, ɗbeam. ............................................................................................... 8 

Figure 1.3: Example PLB microstructures produced by extrinsically-modified MBIL 

techniques, where MBIL is combined with (a) electron-beam lithography [45], (b) 

focused-ion-beam lithography [46], (c) direct laser writing [47], (d) projection 

lithography [48], and (e) two-photon polymerization [49]. .............................................. 10 

Figure 1.4: (a) Mask-delimited two-beam interference system [50].  (b) Schematic 

illustration of a mask-delimited interference pattern produced with (a).  (c) 

Implementation and (d) front-view of the modified diffractive mask with an amplitude 

mask in the center [51]. (e) Line-integrated 3D periodic lattice produced with (d).  (f) 

Phase mask missing a single post (left) and resulting 3D cavity-integrated periodic 

structure (right). ................................................................................................................ 11 

Figure 1.5: (a) Implementation of phase-controlled MBIL and (b) SEM image of a 

resulting 2D PLB microstructure [54].  (c) DEMPI system [59]. (d) Bessel-Beam-

Assisted MBIL CCD image.  (e) 2D line- and cavity integrated periodic microstructure 

obtained by DEMPI [59].  (e) SEM image a line-integrated periodic microstructure 

produced by displaying a graded phase pattern on the SLM in (c) [87]. .......................... 13 

Figure 2.1: (a) Conventional optical interference as the superposition of two reference 

waves.  (b) Canonical interference system configuration. ................................................ 20 

Figure 2.2: (a) Conventional holography as the interference of a subject wave with a 

reference wave.  (b) Recording of the Fourier transform hologram of an Object A.  

(c) Reconstruction of Object A by illuminating the hologram with the reference wave.

........................................................................................................................................... 22 

Figure 2.3: PII as the superposition of two, three, or more reference/subject waves.  

The resulting interference patterns may be recorded in a photosensitive material. .......... 23 



xiii  

Figure 2.4: (a) A conceptual PIIL system consists of an 8f optical system, where 

multiple polarization- and amplitude-controlled laser beams project demagnified 

images of a photomask, which overlap and interfere at the image plane of the system.  

Only two beams are shown for clarity but, there may be three, or more beams.  (b) By 

carefully adjusting the beam amplitudes, polarizations, and directions, 2D and 3D 

interference patterns that integrate the photomask pattern can be produced in a single 

exposure. ........................................................................................................................... 25 

Figure 2.5: Illustration of light propagation and polarization rotation through a high-

NA lens. ............................................................................................................................ 28 

Figure 2.6: (a) Example photomask transmittance. (b) Magnitude of the complex 

projection of the diffraction pattern along the x-, y-, and z-axis.  (c) Magnitude of the 

x-, y-, and z-component of Ei at the photoresist surface (z = 0ɛm).  (d) |Ei|
2 at depths 

z = 0ɛm, z = 1.5ɛm, and z = 3ɛm illustrating defocus, off-axis imaging, and photoresist 

absorption effects. ............................................................................................................. 31 

Figure 2.7: Flow chart of the calculation of the optical intensity distribution within 

the photoresist film produced by the PIIL exposure.  The vector electric field 

distribution produced by each beam in the volume of the photoresist are first calculated 

with Equation (2.6) before being combined using the multi-beam interference model 

with Equation (2.7). .......................................................................................................... 33 

Figure 2.8: Screen capture of the PIIL simulator GUI. ................................................... 35 

Figure 2.9: Flow chart of the calculation of cPAC and IPIIL as a function of time. ............ 37 

Figure 2.10: Top and isometric views of simulated relative PAC concentration 

cPAC (r ,t) for a bottom threshold of 50% from t = 0sec to tend = 1sec. .............................. 38 

Figure 3.1:  Schematic representations of the PhC (a) 90deg-bend waveguide, (b) 

passband filter, and (c) stopband filter. ............................................................................. 41 

Figure 3.2:  (a) Configuration of the three interfering beams at the image plane where 

the photoresist, BARC, and substrate arrangement is located.  (b) Normalized intensity 

contour for the unit cell of a square-lattice interference pattern with p4m plane group 

symmetry [128]. ................................................................................................................ 42 

Figure 3.3: (a) Elementary photomask for the 90deg-bend waveguide.  Once 

projected, the waveguide width is ȿsq.  (b) Simulated PIIL exposure.  The close-up 

view shows pillar distortions near the integrated waveguide. .......................................... 43 

Figure 3.4:  (a) Estimated etched structure in the silicon substrate accounting for the 

3D structural variations of the pillars.  (b) Comparison between the estimated and 

reference pillars.  White (black) pixels represent pixels that are present (absent) in the 

estimated pillars, but absent (present) in the reference pillars. ......................................... 45 



xiv 

Figure 3.5: (a) Schematic representation of the photomask design problem in PIIL.  

(b) Five possible geometric shapes for the single-motif-blocking photomask.  

(c) Illustration of the symbols used in Equations (3.2) and (3.3). .................................... 47 
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elementary and improved photomask.  The averaged errors are calculated for pillars 

located at different distances from the waveguide. ........................................................... 52 

Figure 3.10: Amplitude of Beam 1 at the surface of the photoresist produced with (a) 

the elementary and (b) improved photomask of the 90deg-bend waveguide.  With 

45deg-rotated squares, amplitude fluctuations interfere less with the formation of the 

interference motifs. ........................................................................................................... 53 

Figure 3.11: Transmission spectra between Port 1 and Port 2 of the PIIL-produced 

and idealized PhC (a) 90deg-bend waveguide, (b) passband filter, and (c) stopband 

filter. .................................................................................................................................. 55 

Figure 4.1: (a) (3+1)-beam configuration and (b) resulting FCC unit cell. (c) (4+1)-

beam configuration and (d) corresponding DC unit cell of the interference pattern.  

SU8 is used as photoresist and is coated on glass to minimize back reflections. ............. 59 

Figure 4.2: ȿz(3+1)ȿxy(3+1) ratios as functions of ʃbeam(q+1).  Conditions for 

cubic unit cell are not be met due to refraction at the air/photoresist interface. ............... 62 

Figure 4.3: ȿz(q+1),IMȿxy(3+1) ratios as functions ofʃbeam(q+1).  With an index-

matching material, conditions for cubic unit cell are met for 

ɗbeam(3+1),FCC = 38.9deg and ɗbeam(4+1),DC = 70.5deg. ........................................ 63 

Figure 4.4: (a) FCC lattice and simulated interference pattern with FCR lattice 

generated by the (3+1)-beam configuration. The ABC layer sequence is visible in the 

xz-plane.  (b) DC lattice and simulated interference pattern with woodpile lattice 



xv 

generated by the (4+1)-beam configuration.  Matching lattice motifs are superposed to 

the interference patterns. ................................................................................................... 64 

Figure 4.5: Filling factor of the 3D interference pattern with FCR lattice as a function 

of the normalized intensity threshold.  The interference pattern is bicontinuous for 

normalized intensity threshold ranging from 24% to 59%. .............................................. 66 

Figure 4.6: Filling factor of the 3D interference pattern with woodpile lattice as a 

function of the normalized intensity threshold.  The interference pattern is 

bicontinuous for normalized intensity threshold ranging from 16% to 60%. ................... 67 

Figure 4.7: (a) Clear-field photomask with opaque GT logo.  3D and top views of the 

simulated 3D-PIIL exposures for the (b) (3+1)- and (c)  (4+1)-beam configuration. ...... 69 

Figure 4.8: (a) Dark-field photomask with transparent GT logo.  3D and top views of 

the simulated 3D-PIIL exposures for the (b) (3+1)- and (c) (4+1)-beam configuration.

........................................................................................................................................... 71 

Figure 4.9: (a) Photomask with an opaque disc to create the cavity within the 

interference pattern.  Exploded views of the simulated 3D-PIIL exposures for the (b) 

(3+1)- and (c) (4+1)-beam configuration.  A microcavity is created at the surface of 

the 3D interference pattern.  Side views of the central slice (x = 0ɛm) depict the 

interference pattern being reproduced below the microcavity.  The intensity threshold 

is 35% of the maximum intensity produced with a blank mask. ...................................... 73 

Figure 4.10:  Exploded views of the simulated 3D-PIIL exposures for the (a) (3+1)- 

and (b) (4+1)-beam configuration.  A microcavity is successfully embedded within the 

3D interference pattern.  Above and below the image focal plane (z = 10ɛm), the 3D 

interference pattern is progressively reproduced by interference of the out-of-focus 

and non-overlapping images of the disc photomask.  The intensity threshold is 35% of 

the maximum intensity produced with a blank mask........................................................ 75 

Figure 5.1: (a) Schematic representation of the PIIES.  (b) Picture of the prototype 

PIIES in the laboratory.  Selected components from (a) are labeled. ............................... 79 

Figure 5.2: Ray tracing of a single beam through the ZEMAX-modeled PIIES. ............ 81 

Figure 5.3: The EL, Cl, OL1, and OL2 can be positioned to satisfy the beam 

propagation constraints for the full range of feasible qbeam.  However, the distances 

dEL-CL, dOL1-OL2, and thus, dtotal decrease as qbeam increases. ............................................. 84 

Figure 5.4: Feasible periods for (a) 2D square- and hexagonal-lattice and (b) 3D FCR- 

and woodpile-lattice interference patterns.  Equations fitting the data points are given 

as well and are practical in aligning the prototype PIIES to target a particular 

interference period. ........................................................................................................... 86 

Figure 5.5: (a) Example two-beam configuration propagating after OL2. (b) 

Corresponding fringe interference pattern in the xy-plane. .............................................. 88 



xvi 

Figure 5.6:  (a) Example two-beam configuration propagating after OL2, where the 

second beam is decentered relative to the z-axis.  As a result, the period and orientation 

of the interference fringes are modified.  (b) and (c) Relative fringe period error and 

fringe orientation error, respectively, as functions of the beam decentering in the xy-

plane. ................................................................................................................................. 91 

Figure 5.7: ZEMAX modeling of (a) OL1, (b) OL2, and (c) COL. ................................ 94 

Figure 5.8: (a)  Illustration of lens decentering applied on OL1 in the COL.  (b) and 

(c)  Calculated RMS OPDs as functions of OL1 and OL2 decentering at ɚdes and ɚexp 

wavelengths....................................................................................................................... 96 

Figure 5.9: (a)  Illustration of lens tilting in the COL.  (b) and (c)  Calculated RMS 

OPDs as functions of OL1 and OL2 tilt angles at ɚdes and ɚexp wavelengths. ................... 97 

Figure 5.10: (a) 3D and (b) 2D representations of an example three-beam 

configuration at the COL image plane.  (c), (d), and (e) Distortion error across the 

image plane for the first, second, and third beam, respectively.  The three red dots 

correspond to the discussed example points.  (f) RMS of the three distortion error 

maps.  The exposure field area with RMS < 0.5ɛm is smaller than 0.2mm2 and centered 

on the optical axis. ............................................................................................................ 99 

Figure 5.11: (a) 3D and (b) 2D representations of an example three-beam 

configuration at the COL image plane.  (c), (d), and (e) Distortion error across the 

image plane for the first, second, and third beam, respectively.  (f) RMS of the three 

distortion error maps.  The exposure field area with RMS distortion errors <0.5ɛm is 

smaller than 0.2mm2 and centered on the optical axis. ................................................... 100 

Figure 5.12: (a) Schematic representation of the propagation of a non-tilted (solid 

line) and tilted (dotted line) beam chief ray through OL2.  The tilted ray is shifted 

upward at the image plane.  (b) Image shift as a function of the beam tilt. Tilt error as 

low as 10-3deg can introduce a detrimental 1ɛm shift..................................................... 103 

Figure 6.1: Alignment of the HWPs, PBSCs, and central beam. .................................. 108 

Figure 6.2: Alignment of the M3 to M8 mirrors to redirect the side beams along the 

z-axis with correct dbeam. ................................................................................................. 109 

Figure 6.3:  Alignment of the Cl, OL1, OL2, photomask mount, and sample mount. .. 110 

Figure 6.4: Addition of the ELs to complete the 8f prototype PIIES. ........................... 111 

Figure 6.5: Schematic representations of the single- and double-period-blocking 

photomask elements contained in the photomask.  The size scales are different in both 

columns ........................................................................................................................... 112 

Figure 6.6: (a) Single- and double-period-blocking photomask elements are grouped 

as a pair.  (b) 10 × 10 array of element pairs delimited by a solid frame and 



xvii  

identification code.  (c) Complete photomask containing 72 frames corresponding to 

the eight different photomask elements and their nine size scales. ................................ 113 

Figure 6.7:  Picture of an exposed, developed, and gold-coated sample containing nine 

individual PIIL exposures.  Light diffraction from the gratings and integrated large 

photomask features are visible. ....................................................................................... 115 

Figure 6.8: Beam configuration at the PIIES image plane for the pattern-integrated 

square-lattice results........................................................................................................ 116 

Figure 6.9: (a), (b), and (c).  Low-magnification SEM image, high-magnification SEM 

image, and simulated PIIL exposure of the integration of the 90deg-bend waveguide 

within the square-lattice periodic microstructure, respectively.  (d), (e), and (f).  Low-

magnification SEM image, high-magnification SEM image, and simulated PIIL 

exposure of the integration of the waveguide coupler within the square-lattice periodic 

microstructure, respectively. ........................................................................................... 117 

Figure 6.10: (a), (b), and (c).  Low-magnification SEM image, high-magnification 

SEM image, and simulated PIIL exposure of the integration of the ring resonator 

within the square-lattice periodic microstructure, respectively.  (d), (e), and (f).  Low-

magnification SEM image, high-magnification SEM image, and simulated PIIL 

exposure of the integration of the straight waveguide within the square-lattice periodic 

microstructure, respectively. ........................................................................................... 118 

Figure 6.11: SEM images of the periodic square-lattice produced with (a) 1sec, (b) 

1.5sec, (c) 1.75sec, and (d) 2sec exposure times. ........................................................... 120 

Figure 6.12:  SEM image of PIIL exposures using the single-period-blocking (a) 

waveguide coupler, (b) ring resonator, (c) 90deg-bend waveguide, and (d) straight 

waveguide.  (e) and (f)  Simulated PIIL exposures corresponding to the (c) and (d), 

respectively. .................................................................................................................... 122 

Figure 6.13: (a) Beam configuration at the PIIES image plane to generate the 

hexagonal-lattice 2D-PIIL experimental results.  (b) SEM image of the single-period-

blocking straight waveguide integrated within the lattice.  (c)  Corresponding 

simulated PIIL exposure.  Residual motifs due to non-optimal conditions are visible 

in both experiments and simulations............................................................................... 124 

Figure 6.14:  (a) 3D AFM image of the single-period-blocking straight waveguide 

integrated within the hexagonal lattice of holes.  (b) Corresponding simulated PIIL 

exposure.  (c) and (d) Cross-sectional view of the simulated PIIL exposures with the 

depth profile (black dashed lines) measured by AFM. ................................................... 126 

Figure 6.15:  (a) Low-magnification microscope image of a complete frame 

containing a 10 × 10 array of 90deg-bend waveguides.  (b) SEM image of the portion 

of the array containing the photomask elements that are the best integrated within the 

periodic lattice.  (c)  Representation of the outlines of the three frames extracted from 

(a).  (d) Outlines of the projected frames simulated with ZEMAX.  The center of the 



xviii  

distortion grids for the three simulations are identical and fit the location of the best 

integrated element from the experiment. ........................................................................ 128 

Figure 7.1: (a) MOA Fourier-transform PII system configuration.  The photomask is 

coherently illuminated and a double-objective lens system is employed in each optical 

axis.  (b) MOA PII system configuration employing a single objective lens in each 

axis.  In both systems, the optical elements in each axis may be the same or may differ.  

Only two beams are shown for clarity but, there may be three, or more beams [90]. .... 138 

Figure 7.2: MOA-PIIES configuration without mirrors [157]. ..................................... 139 

Figure 7.3: (a) Top-view and (b) 25deg-side-view SEM images of 3D-PIIL exposures.

......................................................................................................................................... 144 

Figure A.1: (a) Fringe Zernike coefficients calculated with ZEMAX (b) OPD accross 

the exit pupil. .................................................................................................................. 149 

 

  



xix 

LIST OF ABBREVIATION S 
 

 

 

1D One-Dimensional 

2D Two-Dimensional 

3D Three-Dimensional 

AFM  Atomic Force Microscope 

BARC Bottom Antireflective Coating 

CL  Condenser Lens 

DEMPI  Defect-Engineered Multiple Plane-Wave Interference 

EL  Expander Lens 

FWHM  Full Width at Half Maximum 

GT Georgia Institute of Technology 

HWP Half-wave plate 

IM  Index Matching 

IP Image Plane 

MBIL  Multi -Beam Interference Lithography 

NA Numerical Aperture 

OL1 Objective Lens 1 

OL2 Objective Lens 2 

OP Object Plane 

OPC Optical Proximity Correction 

PAC Photoactive Compound 

PBSC Polarizing Beam Splitter Cube 

PhC Photonic Crystal 

PII  Pattern-Integrated Interference 



xx 

PIIES Pattern-Integrated Interference Exposure System 

PIIL  Pattern-Integrated Interference Lithography 

PLB Periodic-Lattice-Based 

PR Photoresist 

RMS Root-Mean Square 

SEM Scanning Electron Microscope 

SLM  Spatial Light Modulator 

TM  Transverse Mode 

  



xxi 

LIST OF SYMBOLS 
 

 

 

AD First Dillôs parameter (ɛmī1) 

ai Coefficients of the ith fringe Zernike polynomial 

Ŭ Direction cosines relative to the x-axis at the Fourier plane 

ŬPR Photoresist absorption (ɛmī1) 

BD Second Dillôs parameter (ɛmī1) 

ɓ Direction cosines relative to the y-axis at the Fourier plane 

C Energy conservation factor transfer function 

CD Third Dillôs parameter (m2/J) 

c0 Homogeneity factor (W/V2) 

cPAC Relative concentration of photoactive compound 

d Distance from the center of mass of the estimated pillar and its expected 

location in the lattice (ɛm) 

dbeam Lateral beam displacement from the z-axis (mm) 

dbeam
*

 Lateral beam displacement from the z-axis for a decentered beam (mm) 

dcav Depth of the integrated microcavity (ɛm) 

dCL-OP Distance from the condenser lens to the object plane in the ZEMAX 

optimization (mm) 

dEL-CL Distance from the expander lens to the condenser lens in the ZEMAX 

optimization (mm) 

dOL1-OL2 Distance from the objective lens 1 to the objective lens 2 in the ZEMAX 

optimization (mm) 

dOL2-IP Distance from the objective lens 2 to the image plane in the ZEMAX 

optimization (mm) 

dOP-OL1 Distance from the object plane to the objective lens 1 in the ZEMAX 

optimization (mm) 



xxii  

Ei 3×1 complex electric field vector of the ith interfering beam in PIIL (V/m) 

E
ÉÌÌ 2×1 complex electric field vector of the ith beam illuminating the 

photomask (V/m) 

Epw,i 3×1 complex electric field vector of the ith interfering plane wave in MBIL 

(V/m) 

Epw,i Electric field norm of the ith interfering plane wave in MBIL (V/m) 

earea Relative pillar-area error 

edisp Relative pillar-displacement error 

êi Electric field direction 

eȿ Relative fringe period error 

eŪ Fringe orientation error (deg) 

ɖ Azimuthal angle error (deg) 

fEL Expender lens focal length of the objective lens 1 (mm) 

fOL1 Objective lens 1 focal length (mm) 

fOL2 Objective lens 2 focal length (mm) 

ű
i
 Azimuthal angle at the image plane of the ith interfering beam (deg) 

ű
i
* Azimuthal angle at the image plane of the ith interfering beam for a 

decentered beam (deg) 

 ʟ Beam phase (rad) 

ɔ Direction cosines relative to the z-axis at the Fourier plane 

IMBIL Optical intensity distribution of an MBIL exposure  (W/m2) 

IPIIL Optical intensity distribution of a PIIL exposure  (W/m2) 

k i Wavevector of the ith beam (nmī1) 

k2
* Propagation vector of the decentered beam (nmī1) 

kp Process-dependent quantity 

ȹk Grating vector (nmī1) 



xxiii  

ȹk* Modified grating vector in case of beam decentering (nmī1) 

ȿ1D Two-beam interference period (ɛm) 

ȿ1D
*

 Modified two-beam interference period in case of beam decentering (ɛm) 

ȿhex Period of the hexagonal-lattice interference pattern (ɛm) 

ȿsq Period of the square-lattice interference pattern (ɛm) 

ȿxy
(q+1)

 (q+1)-beam interference period in the xy-plane (ɛm) 

ȿz
(q+1)

 (q+1)-beam interference period along the z-axis (ɛm) 

ɚ
des Lens design wavelength (nm) 

ɚ
exp Exposure wavelength (nm) 

M Compound objective lens magnification 

M1 to M8 Mirrors in the pattern-integrated interference exposure system 

MF
3Ĭ5 Film function matrix 

MP
5Ĭ2 Electric field correction matrix 

NA Numerical Aperture 

nBARC Bottom antireflective coating refractive index 

ng Photonic-crystal group velocity index 

nglass Glass photoresist 

nimm Refractive index of the immersion medium in immersion photolithography 

nPR Photoresist complex refractive index 

nPR Real part of the photoresist complex refractive index 

nSi Silicon complex refractive index 

nSi Real part of the silicon complex refractive index 

nSU8 SU8 photoresist complex refractive index 

nSU8 Real part of the SU8 photoresist complex refractive index 



xxiv 

nsub Substrate complex refractive index 

ɜ Binary pixel values (0 or 1) of the estimated pillar in PIIL photomask 

design 

O Fourier transform of the photomask object (m-2) 

P Pupil transmission function 

ɣ Beam tilt angle (deg) 

R Critical dimension (ɛm) 

r  Cartesian coordinate (m) 

rcav Integrated microcavity radius (ɛm) 

rp Photonic-crystal pillar radius (m) 

ɟ Radial distance error from the ideal intersection between k2 and the 

z = īfOL2 plane (mm) 

ɟP Normalized radial coordinate in the exit pupil 

S Off-axis beam propagation transfer function 

S21 Scattering parameter from Port 1 to Port 2 

ů Photomask projection lateral shift at the image plane (ɛm) 

t Time (sec) 

texp Exposure time (sec) 

tPR Photoresist film thickness (ɛm) 

tSU8 SU8 film thickness (ɛm) 

Ū Grating vector orientation (deg) 

Ū
*
 Modified grating vector orientation in case of beam decentering (deg) 

ɗbeam
(3+1),DC

 Common beam incidence angle at the PIIES image plane in a (4+1)-beam 

configuration satisfying the condition for diamond cubic lattice 

ɗbeam
(3+1),FCC

 Common beam incidence angle at the PIIES image plane in a (3+1)-beam 

configuration satisfying the condition for face-centered cubic lattice 



xxv 

ɗbeam
(3+1)

 Common beam incidence angle at the PIIES image plane for a (3+1)-beam 

configuration in 3D-PIIL (deg) 

ɗbeam
(4+1)

 Common beam incidence angle at the PIIES image plane for a (4+1)-beam 

configuration in 3D-PIIL (deg) 

ɗbeam Common beam incidence angle at the PIIES image plane (deg) 

ɗbeam
*

 Common beam incidence angle at the PIIES image plane for a decentered 

beam (deg) 

ɗmax Lens acceptance cone angle (deg)  

ɗP Polar coordinate in the exit pupil (deg) 

ɗSU8 Beam propagation within the SU8 photoresist film (deg) 

Ű Binary pixel values (0 or 1) of the reference pillar 

W Normalized wavefront phase error 

w Width of the single-motif-blocking element in photomask design (ȿsq / M) 

x Cartesian coordinate (ɛm) 

y Cartesian coordinate (ɛm) 

Zi i th fringe Zernike polynomial 

z Cartesian coordinate (ɛm) 

z0 Distance from the image focal plane to the photoresist film surface (ɛm) 

  



xxvi 

SUMMARY  
 

 

 

Two-dimensional (2D) and three-dimensional (3D) periodic-lattice-based microstructures 

have found multifaceted applications in photonics, microfluidics, tissue engineering, 

biomedical engineering, and mechanical metamaterials.  To fabricate functional periodic 

microstructures, in particular in 3D, current available technologies have proven to be slow 

and thus, unsuitable for rapid prototyping or large-volume manufacturing.  To address this 

shortcoming, the new innovative field of pattern-integrated interference lithography (PIIL) 

was introduced.  PIIL enables the rapid, single-exposure fabrication of 2D and 3D custom-

modified periodic microstructures through the non-intuitive combination of multi-beam 

interference lithography and photomask imaging.  The research in this thesis aims at 

quantifying PIILôs fundamental capabilities and limitations through modeling, simulations, 

prototype implementation, and experimental demonstrations. 

PIIL is first conceptualized as a progression from optical interference and holography.  

Then, a comprehensive PIIL vector model is derived to simulate the optical intensity 

distribution produced within a photoresist film during a PIIL exposure.  Using this model, 

the fabrication of representative photonic-crystal devices by PIIL is simulated and the 

performance of the PIIL-produced devices is studied.  Photomask optimization strategies 

for PIIL are also studied to mitigate distortions within the periodic lattice.  The innovative 

field of 3D-PIIL is also introduced.  Exposures of photomask-integrated, photomask-

shaped, and microcavity-integrated 3D interference patterns are simulated to illustrate the 

richness and potential of 3D-PIIL.  To demonstrate PIIL experimentally, a prototype 

pattern-integrated interference exposure system is designed, analyzed with the optical 

https://en.wikipedia.org/wiki/Optical_design
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design program ZEMAX, and used to fabricate pattern-integrated 2D square- and 

hexagonal-lattice periodic microstructures.  To validate the PIIL vector model, the proof-

of-concept results are characterized by scanning-electron microscopy and atomic force 

microscopy and compared to simulated PIIL exposures.  As numerous PIIL underpinnings 

remain unexplored, research avenues are finally proposed.  Future research paths include 

the design of new PIIL systems, the development of photomask optimization strategies, the 

fabrication of functional devices, and the experimental demonstration of 3D-PIIL. 
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CHAPTER 1  
 

INTRODUCTION  
 

 

 

1.1 Periodic-Lattice-Based Microstructures 

Periodic-lattice-based (PLB) structures are material arrangements based on a one-

dimensional (1D), two-dimensional (2D), or three-dimensional (3D) periodic lattice.  At 

the microscale, PLB structures exhibit unique physical, optical, and mechanical properties 

[1].  As such, they have found applications in numerous areas.  To exploit these properties, 

the shape of, and lattice modifications within PLB microstructures must be carefully 

engineered. 

One of the most documented applications of PLB microstructures are photonic-crystal 

(PhC) devices that are made of dielectric materials with different refractive indices [2].  

PhC devices exhibit photonic bandgaps and allow the control of light propagation and light-

matter interaction at the wavelength scale [3, 4].  PhC can be engineered into waveguides 

[5, 6], resonators [7-9], filters [9-13], waveguide couplers [14-17], directional couplers 

[18], logic gates [19, 20], demultiplexers [21], antennas [22], switches [23, 24], and sensors 

[25].  PhC devices can further be integrated into dense integrated photonic circuits and 

systems for telecom or biomedical diagnostics applications [26, 27].  Even more compact, 

subwavelength-sized optical metamaterials enable new classes of optical devices including 

superlenses [28], split-ring resonators for second-harmonic generation [29], and 

metamaterial electromagnetic cloak [30]. 
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PLB microstructures have also found unique applications in bioengineering.  For drug 

delivery, a pH-responsive periodic network of pores has, for example, been demonstrated 

to deliver neurotrophins in neural prosthetic devices [31].  Compared to microstructures 

with random porosity, 3D PLB microfluidic mixers exhibiting 84% improved fluid mixing 

and 3D PLB microfluidic filters blocking submicron particles have been demonstrated [32, 

33].  PLB microstructures also provide flexible analysis platforms to study biological 

mechanisms.  Periodic arrays of sub-micrometer domains can be used to investigate the 

attachment and spreading of biological tissues in contact with specific material such as 

murine osteoblast cells with fibronectin [34].  Finally, 3D PLB scaffolds with periodic pore 

architectures exhibit better pore interconnectivity, improved wetting properties, and thus 

improved static cultures of cells and tissues [35]. 

Another application area of PLB microstructures are mechanical metamaterials that 

demonstrate large strength-to-weight ratios and better mechanical performance than most 

engineered cellular structures with random porosity [36].  Mechanical metamaterials find 

applications in catalyst supports, filtration devices, and micro heat-exchangers [1].  In 

addition to photonics, microfluidics, tissue engineering, biomedical engineering, and 

mechanical metamaterials applications illustrated in Figure 1.1, PLB structures have also 

been used in nanoelectronics, surface texturing, magnetic nanostructures, plasmonic 

structures, field-emission devices, and form-birefringent polarization elements [37]. 

1.2 Fabrication Techniques for PLB Microstructures 

Significant efforts have been dedicated over the past decades toward the development of 

fabrication techniques to produce 2D and 3D PLB microstructures.  These techniques 
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Figure 1.1: Example PLB microstructures. (a) PhC band edge laser array [38].  (b) 

Schematic description of PhC biosensors [27].  (c) pH-responsive 3D periodic 

microstructure for drug delivery [31].  (d) Microfluidic mixer [33].  (e) Microfluidic filter 

[35].  (f) 2D array of fibronectin domains to study murine osteoblast cells growth.  (g) 3D 

PLB scaffold for cell culture [35].  (h) Lightweight and ultrastiff 3D mechanical 

metamaterials [36]. 
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include construction-based methods and approaches derived from multi-beam interference 

lithography (MBIL). 

1.2.1 Construction-Based Microfabrication  Techniques 

Numerous construction-based microfabrication techniques exist to fabricate PLB 

microstructures.  Some of their characteristics are compared in Table 1.1.  With electro-

mechanical etching, a substrate with a pre-patterned surface is placed in a hydrofluoric acid 

solution under electrical bias such that current density drives selective etching through the 

substrate, resulting in a 2D periodic array of holes [39].  3D PLB microstructures can be 

produced by modulating the electrical bias over time and thus, the etching through the 

substrate.  Glancing angle deposition uses an analogous approach [40], where the substrate 

surface is also pre-patterned with seed posts before being exposed to a collimated vapor 

flux at large incident angle.  During nucleation, the seed posts grow toward the incident 

vapor flux.  3D PLB microstructures can be grown by rotating and tilting the substrate 

during the growth.  Yet, introducing custom modifications to the periodic lattice with the 

two aforementioned techniques is limited and challenging.  Direct writing techniques are 

more flexible and include robotic ink writing [41], which employs a microscopic ñpenò 

and an engineered ink, and two-photon polymerization [42], which involves the non-linear 

excitation of a photosensitive material in the focal spot of a focused laser beam.  In both 

cases, arbitrary 3D patterns, including PLB microstructures, can be ñwrittenò in a serial 

fashion by controlling piezoelectric stages holding the photosensitive-material-coated 

substrate.  More sophisticated, micro-manipulation requires the handling and assembly of 

pre-fabricated microscopic building blocks using optical tweezers or high-resolution robots 
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Table 1.1: Comparison of characteristics of fabrication techniques for PLB microstructures. Dashes indicate conditional/limited yes. 

 

Fabrication Techniques 
Lattice 

Customization 

2D / 3D 

Lattice 

Large  

Format 

Sub-Micron 

Resolution 
Rapid 

Construction-Based Fabrication Techniques      

Electrochemical Etching [39] Ƅ V V × × 

Glancing Angle Deposition [40] Ƅ V V × × 

Robotic Ink Writing [41] V V V × × 

Two-Photon Polymerization [42] V V Ƅ V × 

Micromanipulation [43] V V × V × 

Conventional Lithography [44] V V V V × 

Extrinsically-Modified MBIL Techniques [45-49] V V V V × (multi-step) 

Intrinsically-Modified MBIL Techniques      

Mask-Delimited MBIL [50] V × (1D) V V V 

Modified Diffractive-Mask [51] V V V × V 

Modified Phase-Mask [33] Ƅ Ƅ V V V 

Phase-Controlled MBIL [52-55] V Ƅ × × V 

Bessel-Beam-Assisted MBIL [56-58] Ƅ Ƅ V × V 

Defect-Engineered Multiple Plane-Wave 

Interference (DEMPI) [59] 
V Ƅ V × V 

Pattern-Integrated Interference Lithography V V V V V 
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under a microscope [43].  This technique enables the fabrication of arbitrary 

microstructures, but is extremely complex and slow.  Finally, well-established 

conventional photolithography can be used to produce 2D PLB microstructures directly 

and 3D arrangements, yet with a layer-by-layer process [44]. 

Construction-based microfabrication techniques have the potential to produce large-

format 2D and 3D PLB microstructures.  However, they are time-consuming and prone to 

overlay and misalignment errors because the fabrication is typically performed layer-by-

layer or even point-by-point [60, 61]  Therefore, they are usually not suitable for rapid 

prototyping or for large-volume manufacturing. 

1.2.2 Multi -Beam Interference Lithography 

A significantly more rapid approach to produce PLB microstructures employs the periodic 

interference pattern produced by multiple overlapping laser beams.  The amplitude, 

wavelength, wavevector configuration, phases, and polarizations of the interfering beams 

can be adjusted to produce particular 2D or 3D periodic interference patterns.  With three 

interfering laser beams, 2D periodic interference patterns including all five 2D Bravais 

lattices can be produced [62].  With four or more interfering beams, 3D periodic 

interference patterns including all fourteen 3D Bravais lattices can be achieved [63].  

Complex 60-fold 2D quasi-periodic [64], 3D chiral-basis [65], icosahedral [66], spatially 

variant [67], and dual-lattice interference patterns [68] are furthermore feasible. 

For microfabrication purposes, a 1D, 2D, or 3D optical interference pattern can be 

recorded within a photo-sensitive material (or photoresist) coated on a substrate.  This 

method is known as MBIL and is sometimes referred to as ñholographicò or 

ñinterferometricò lithography in the literature [1].  With sufficient optical power, the 
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exposure of the photoresist can be shorter than one second, making MBIL extremely rapid 

compared to construction-based techniques.  Upon exposure, the solubility of the 

photoresist changes.  A positive- (negative-) tone photoresist becomes more (less) soluble 

when exposed.  After a development step, a latent image of the interference pattern is 

created in the photoresist.  The photoresist structure can be used directly or serve as a 

sacrificial template for lift-off [34], substrate etching [69], infiltration/inversion steps [70], 

or double infiltration/inversion steps [71].  In addition, the pairing of the light-field 

(intensity maxima) or dark-field (intensity minima) interference pattern to positive- and 

negative-tone photoresist extends the variety of feasible PLB microstructures by MBIL. 

As early as 1970, two-beam interference lithography was used to produce one-

dimensional gratings used as optical couplers [72].  Two-beam interference lithography is 

also currently employed to fabricate dense line/space nanostructures in the study of the 

chemistry and performance of extreme-ultraviolet photoresists (Figure 1.2(a)) [73].  Using 

three laser beams, Berger et al. [74] recorded for the first time a 2D interference pattern 

with hexagonal symmetry within a photoresist film and transferred the pattern into a 

gallium arsenide substrate through reactive ion etching (Figure 1.2(b)).  Later, 3D MBIL 

was demonstrated by using a four-beam configuration to produce 3D periodic 

microstructures with sub-micron periodicity as shown in Figure 1.2(c) [75].  Since the 

initial MBIL demonstrations, numerous MBIL  methodologies have been developed using 

a diffractive beam splitter [76], a Lloydôs mirror [77], a prism [78], a phase-mask [79], 

optical fibers [80], or half-wave plates and beam-splitter cubes for individual beam 

control [81]. 
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As a flexible, rapid, and cost-effective approach, MBIL has found numerous 

applications in photonics, microfluidics, tissue engineering, biomedical engineering, and 

optical metamaterials, where large-format periodic microstructures are needed [1, 82].  

Unfortunately, MBIL in its current form only produces continuous periodic structures and 

does not enable the fabrication of periodic microstructures with controlled lattice 

modifications in a single step.  As a result, MBIL-produced structures have limited 

functionalities and applications.  To address this issue, extrinsically- and intrinsically-

modified MBIL techniques have been developed to add functionalities to MBIL-produced 

structures. 

 

 

 
Figure 1.2: Multi -beam configurations and corresponding MBIL -produced periodic 

microstructures.  (a) One-dimensional grating produced by two-beam interference [73].  (b) 

2D PhC produced by three-beam interference [74].  (c) 3D periodic lattice produced by 

four-beam interference [75].  The lattice constant depends on the common beam incidence 

angle, ɗbeam. 
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1.2.3 Modified MBIL Techniques 

1.2.3.1 Extrinsically-modified MBIL 

To address MBIL patterning limitations, MBIL -produced structures have been 

functionalized by using an additional microfabrication technique in a two-step process.  

This approach is hereafter referred to as extrinsically-modified MBIL.  Characteristics of 

extrinsically-modified MBIL are listed in Table 1.1.  The additional techniques include 

electron-beam lithography [45], focused ion beam lithography [46], direct laser writing 

[47], projection lithography [48], or multi-photon polymerization [49].  Various functional 

2D and 3D PLB microstructures have been produced with extrinsically-modified MBIL as 

illustrated in Figure 1.3.  However, modifying an already-constructed periodic lattice using 

an additional fabrication step is a time-consuming and expensive process.  In addition, this 

two-step approach is prone to misalignment issues and sample deterioration.  Therefore, 

extrinsically-modified MBIL does not address the rapidity issue of construction-based 

microfabrication techniques.   

1.2.3.2 Intrinsically-modified MBIL 

To avoid the need for multiple processing steps, the holy grail for experimentalists would 

be the single-step creation of an interference pattern with intrinsic lattice modifications 

[83].  Intrinsically-modified MBIL techniques have been introduced to address this need 

and produce custom-modified interference patterns in a single-exposure step.  

Characteristics of the described intrinsically-modified MBIL techniques are compared in 

Table 1.1. 
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Figure 1.3: Example PLB microstructures produced by extrinsically-modified MBIL 

techniques, where MBIL is combined with (a) electron-beam lithography [45], (b) focused-

ion-beam lithography [46], (c) direct laser writing [47], (d) projection lithography [48], and 

(e) two-photon polymerization [49]. 

 

 

 

Using two photomasks, a confocal two-lens system, and a Fresnelôs double mirror, 

Chen et al. [50] produced a one-dimensional interference pattern delimited by the 

photomask opening as illustrated in Figures 1.4(a) and (b).  However, this approach does 

not allow for more than two interfering beams and thus, is limited to one-dimensional 

fringes.  Lin et al. [51] proposed a five-beam diffractive mask depicted in Figures 1.4(c) 

and (d) to produce a 3D interference pattern embedding a line as shown in Figure 1.4(e).  

However, the line is created by casting the shadow of a photomask within the 3D 

interference pattern.  Therefore, the line width is orders of magnitude larger than the lattice 

constant of the 3D interference pattern.    
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Figure 1.4: (a) Mask-delimited two-beam interference system [50].  (b) Schematic 

illustration of a mask-delimited interference pattern produced with (a).  (c) Implementation 

and (d) front-view of the modified diffractive mask with an amplitude mask in the center 

[51]. (e) Line-integrated 3D periodic lattice produced with (d).  (f) Phase mask missing a 

single post (left) and resulting 3D cavity-integrated periodic structure (right).  
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Phase masks are commonly used to implement MBIL and produce large areas of 3D 

periodic structures [84-86].  To modify locally the surface of the 3D interference pattern, 

Jeon et al. [33] removed a single post from a phase mask as shown in Figure 1.4(f).  

However, lattice modifications deeper in the photoresist are poorly controlled and more 

complex geometries seem limited since removing more posts from the phase mask would 

deteriorate the formation of the interference pattern. 

Recently, several intrinsically-modified MBIL techniques employing a spatial light 

modulator (SLM) have been proposed.  In phase-controlled MBIL, a phase-only SLM 

placed at the Fourier plane of a two-lens system is used to control the phase of tens of large-

diameter (typically 2mm) beamlets as illustrated in Figure 1.5(a) [52-55].  The required 

phase and spatial distribution of the beamlets displayed on the SLM are pre-calculated 

using an optimization routine such as the genetic algorithm.  The beamlets are then focused 

and superposed to produce a custom-modified interference pattern as shown in the 

scanning electron microscope (SEM) image in Figure 1.5(b).  Zhang et al. [54] further 

improved this approach by updating the SLM pixels in real time using a simulated 

annealing algorithm and a feedback loop between a camera and the SLM.  The integrated 

functional elements, however, are repeated periodically within the interference pattern and 

the size of the exposure spot is non-uniform and limited to about 500µm2.  The exposure 

area can possibly be extended with a diffractive optical element but only to a few square 

millimeters [55]. 

Alternatively, the SLM can be placed at the object plane of a two-lens confocal system 

to display a phase pattern that produces upon illumination the interfering beams as 
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Figure 1.5: (a) Implementation of phase-controlled MBIL and (b) SEM image of a 

resulting 2D PLB microstructure [54].  (c) DEMPI system [59]. (d) Bessel-Beam-Assisted 

MBIL CCD image.  (e) 2D line- and cavity integrated periodic microstructure obtained by 

DEMPI [59].  (e) SEM image a line-integrated periodic microstructure produced by 

displaying a graded phase pattern on the SLM in (c) [87]. 

 

  














































































































































































































































































































































