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Agenda

I Monday
I June 8,1998

Koa Room

8:15am-8:30am
Opening Remarks

8:30am-10:00am
DMA » Theory 1

J. Allen Cox, Honeywell Inc., Presider

8:30am (Invited)

DMA1. » Grating diffraction analysis: Maxwell’s
equations or Kirchhoff diffraction integral, M.G.
Moharam, S. Dunn, CREOL, Univ. Central Florida. We
discuss the implications of the approximations inherent in
the Kirchhoff’s integral-based scalar diffraction analysis
methods as compared to Maxwell’s equation-based rigorous
methods for the analysis and design of diffractive optical
elements. (p. 2)

9:00am

DMAZ2 u Mathematical modeling of diffractive
gratings, Gang Bao, Univ. Florida. A new variational
approach is presented. Model formulation, numerical
solution, and convergence of the approach in both TE and
TM polarizations are discussed. (p. 4)

9:15am

DMA3 m Reformulation of the Fourier modal method
for surface-relief anisotropic gratings, Lifeng Li, Univ.
Arizona. The Fourier modal method for anisotropic
surface-relief gratings is reformulated by the use of the
correct Fourier factorization rules. Numerical convergence
is greatly improved. (p. 7)

9:30am

DMA4 = Applicability of the method of reduction in
the Fourier modal method, Lifeng Li, Univ. Arizona. The
applicability of the method of reduction (approximation by
matrix truncation) in the Fourier modal method for
modeling diffraction gratings is established by using a
classical theorem of H. von Koch. (p. 10)

9:45am

DMAS =m Perturbation theory—a unified approach to
describe diffractive optical elements, Markus Testorf,
Univ. Massachusetts—Lowell. An extension of Kirchhoff’s
approximation for optically thick diffraction screens is
derived. The perturbation approach is explicitly applied to
problems of diffractive optics and micro-optics. (p. 13)

Reception Lanai
10:00am~-10:30am
Coffee Break

Koa Room

10:30am~12:00m
DMB » Subwavelength Structures 1
Joseph N. Mait, U.S. Army Research Laboratory, Presider

10:30am (Invited)

DMBL1 = Applications of guided-mode resonant filters
to VCSELs, Robert A. Morgan, J. Allen Cox, Robert Wilke,
Carol Ford, Honeywell Technology Center. A brief summary
of both VCSEL technology and guided-mode grating
resonant filters (GMGRFs) is presented. We then discuss
benefits and issues of integrating the two technologies with
design and fabrication results. (p. 18)

11:00am

DMB2 m Guided-mode resonant filters incorporating
the Brewster effect, R. Magnusson, D. Shin, Z.S. Liu,
Univ. Texas at Arlington. A new type of high-efficiency, low-
sideband, guided-mode resonance reflection filter incorpo-
rating the Brewster effect is predicted theoretically and
verified experimentally. (p. 21)

11:15am

DMB3 m Guided-mode resonance filters generated
with genetic algorithms, S. Tibuleac, D. Shin,

R. Magnusson, Univ. Texas at Arlington; C. Zuffada, Jet
Propulsion Laboratory. Design of guided-mode resonance
reflection and transmission filters is demonstrated utilizing
a genetic algorithm to optimize the physical parameters of
multilayer diffractive structures. (p. 24)




11:30am

DMB4 u Study of the resonant behavior of
waveguide-gratings increasing the angular tolerance
of guided-mode filters, F. Lemarchand, A. Sentenac, H.
Giovannini, Univ. St. Jérome, France. Resonances of
waveguide gratings having two modulations of different
period are studied. Their angular tolerance is much larger
than that obtained with a single modulation. (p. 27)

11:45am

DMBS5 u Subwavelength structured narrow-band
integrated optical grating filters, Eric Grann, David E.
Holcomb, Raymond A. Zuhr, Oak Ridge National Labora-
tory; M.G. Moharam, CREOL, Univ. Central Florida. A
unique type of narrow-band integrated optical filter is
investigated based on embedding a subwavelength resonant
grating structure within a planar waveguide. (p. 30)

12:00m-1:30pm
Lunch Break

Koa Room

1:30pm-~-3:00pm
DMC = Design

Daniel H. Raguin, Rochester Photonics, Presider

1:30pm (Invited)

DMC1 m Chromatic compensation of free-space light
propagation combining diffractive and refractive
lenses: achromatic Fresnel and Fourler applications,
P. Andrés, Univ. de Valencia, Spain; V. Climent, Univ. Jaume
I, Spain. The remarkable properties shown by our lens
setups designed for chromatic-dispersion compensation of
light diffraction are applied for implementing several
achromatic diffraction-based applications with color
objects. (p. 34)

2:00pm

DMC2 m Multilevel diffraction gratings in the
resonance domain: rigorous optimization by simu-
lated annealing, Eero Noponen, Helsinki Univ. of
Technology, Finland. Simulated annealing is applied to
optimize resonance-domain diffraction gratings with
multilevel staircase profiles, and is shown to be significantly
more efficient than gradient method. (p. 37)

2:15pm

DMCS3 = Interference effects in diffractive beam-
shaping elements, Markus Rossi, Thomas Hessler, Centre
Suisse d’Electronique et de Microtechnique, Switzerland. The
spatial distribution and interference effects of stray light in
beam-shaping elements in micro-systems fabricated by
direct laser-beam writing have been analyzed, controlled,
and reduced. (p. 40)

2:30pm

DMC4 = Stratified diffractive-optic approach for
creating high-efficiency gratings, Diana M. Chambers,
Micro Craft, Inc.; Gregory P. Nordin, Univ. Alabama in
Huntsville. Volume grating behavior can be achieved with
diffractive-optic techniques by interleaving binary grating
layers with homogeneous layers in a stratified diffractive-
optic grating. (p. 43)

2:45pm

DMCS5 » Two-level binary diffractive optical elements
for symmetric line-pattern generation from laser
diodes, Michael A. Golub, Holo-Or, Ltd., Israel. Diffractive
elements with only two phase levels generate symmetrical
patterns (cross, rectangle) with 80—-85% efficiency. Applica-
tions for diode laser pointing and CO, laser focusing
considered. (p. 46)

Reception Lanai
3:00pm—3:30pm
Coffee Break

Koa Room

3:30pm~5:00pm
DMD w Optical Interconnects 1
M.G. (Jim) Moharam, University of Central Florida, Presider

3:30pm (Invited)

DMD1 u Polarization-selective diffractive optical
elements and applications, Y. Fainman, F. Xu, R. Tyan,
D. Marom, P. Shames, P.C. Sun, Univ. California-San Diego;
J. Ford, A. Krishnamoorthy, Bell Laboratories, Lucent
Technologies; A. Scherer, Caltech. Polarization selective
diffractive optical elements will be introduced, describing
design, rigorous modeling, and their microfabrication
approaches. We will describe the utilization of these
diffractive optical elements in optoelectronic packages for
specific applications. (p. 50)

4:00pm

DMD2 » Substrate-mode polarization-controlled
optical switch with sandwich reflection holograms,

V. Moreau, Y. Renotte, Y. Lion, Univ. Liége, Belgium;

S. Habraken, Centre Spatial de Liége, Belgium. We present
the design and optical performances of an original 2 X 2
polarization-controlled switch based on substrate-mode
holography. In-line integration of more complex devices are
proposed. (p. 53)




4:15pm

DMD3 = Novel multichannel WDM-PON demultiplexer
using an AWG and diffractive optical elements,

E. Pawlowski, M. Ferstl, H. Hellmich, B. Kuhlow, G.
Przyrembel, C. Warmuth, Heinrich-Hertz-Institut fiir
Nachrichtentechnik Berlin GmbH, Germany; ].R. Salgueiro,
Univ. Santiago de Compostela, Spain. An integrated WDM-
PON demuitiplexer is presented. The device is used to
distribute 1.3-pm wavelength signals and to multiplex an
eight-channel WDM spectrum at 1.55-um wavelength.

(p. 56)

4:30pm

DMD4 = Grating coupler utilizing third-order diffrac-
tion, Shogo Ura, Takayoshi Fujii, Toshiaki Suhara, Hiroshi
Nishihara, Osaka Univ., Japan. Efficiency enhancement of
third-order grating coupler was designed and demon-
strated. Output coupling efficiency of 40% was experimen-
tally obtained with 1.86-pm grating period for 0.82-pum
wavelength. This design scheme is attractive for future
integrated-optic applications using ultraviolet wavelength.
(p- 59)

4:45pm

DMDS5 = Planar-integrated optical systems for pulse
shaping, Markus Testorf, Univ. Massachusetts—Lowell; Ulf
Osterberg, Dartmouth College. We discuss an integrated
design of an optical setup for pulse-shaping applications.
Our approach is based on the concept of planar-integrated
free-space optics. (p. 62)



M Tuesday
N June 9, 1998

Koa Room

8:30am-10:00am
DTuA = Theory 2
Lifeng Li, University of Arizona, Presider

8:30am

DTuAl1 m Symmetry of the field transmitted by
periodic metallic grids, A. Sentenac, D. Maystre, Univ. St.
Jérome, France. Study of the modes inside the grid through-
holes permits us to determine a large range of grating
parameters for which four transmitted equal-efficiencies
orders are obtained. {p. 66)

8:45am

DTuA2 m Electromagnetic analysis of waveguide
Bragg reflectors, Pasi Vahimaa, Jari Turunen, Univ.
Joensuu, Finland. Rigorous diffraction theory is used to
compute the efficiency of waveguide Bragg reflectors asa
function of the number of periods, and to model fabrica-
tion errors. (p. 69)

9:00am

DTuA3 = Numerical simulation of binary lenses by
direct solution of the Helmholtz equation, G. Ronald
Hadley, Sandia National Laboratories. We numerically
compute diffraction efficiencies of low F-number (<1.5)
eight-level binary lenses by direct solution of the scalar
Helmholtz equation followed by wide-angle BPM. (p. 72)

9:15am

DTuA4 m Analysis and modeling of nonparaxial
diffractive optical elements on curvilinear surfaces,
Michael A. Golub, Israel Grossinger, Holo-Or, Ltd., Israel.
Kirchhoff integral for diffractive microrelief on steep
nonparaxial curved substrate is reduced to single Fourier
transform. Several orders in diffractive-refractive multilens
optical system are analyzed. (p. 75)

9:30am

DTuAS5 m Super-resolving filters as diffractive-optical
elements, C.J.R. Sheppard, Univ. Sydney, Australia. Super-
resolving filters can be regarded as diffractive-optical
elements. The complete system can thus be regarded as a
hybrid system. (p. 78)

9:45am

DTuA6 = Superresolution in computer-generated
holograms, Yasuhiro Takaki, Nihon Univ., Japan. Resolv-
able points of computer-generated holograms’ diffraction
images overlap and interfere with one another. By control-
ling the interference, diffraction intensity distribution can
be controlled with high density. (p. 80)

Reception Lanai
10:00am-10:30am
Coffee Break

Koa Room

10:30am-12:00m
DTuB » Subwavelength Structures 2

Robert Magnusson, University of Texas at Arlington, Presider

10:30am (Invited)

DTuB1 m Fabrication of functional optical structures
based on photonic crystals, A. Scherer, A. Yariv,

B. D’Urso, O. Painter, C.C. Cheng, Caltech; Y. Fainman, UC-
San Diego; E. Yablonovich, UCLA. We have developed
techniques to fabricate photonic crystals within functional
semiconductor materials to reflect, polarize, and filter light.
Here, we will describe the fabrication methods and the
observed performance of these devices. (p. 84)

11:00am

DTuB2 = Fabrication and simulation of blazed
gratings with inherent antireflection structured
surfaces, Fredrik Nikolajeff, Univ. Minnesota; Claus Heine,
Balzers Ltd., Liechtenstein. We present a novel scheme for
the fabrication of diffractive optical elements with inherent
antireflection or polarizing properties. Simulated and
experimentally measured results are given. (p. 85)

11:15am

DTuB3 m Scalar-based design of binary
subwavelength diffractive lenses, Joseph N. Mait, U.S.
Army Research Laboratory; Dennis W. Prather, Univ.
Delaware; Mark S. Mirotznik, Catholic Univ. America. We
present a technique for the design of binary subwavelength
diffractive lenses based on the combination of two
approximate theories, scalar diffraction theory, and effective
medium theory. Design examples are presented. (p. 88)

11:30am

DTuB4 = Three-dimensional vector-based analysis of
subwavelength diffractive optical elements using the
finite-difference-time-domain method, Mark S.
Mirotznik, Catholic Univ. America; Joseph N. Mait, William
A.Beck, U.S. Army Research Laboratory; Dennis W. Prather,
Univ. Delaware. Here we present the use of the finite-
difference-time-domain (FDTD) method for the analysis of
two-dimensional subwavelength diffractive optical
elements. FDTD is a computationally practical method for
performing three-dimensional infinitely periodic and finite
aperiodic SWDOEs. A specific example is given of a binary
subwavelength lens. {(p. 91)




11:45am

DTuB5 = Vector-based analysis of axially symmetric
and conducting diffractive lenses, Dennis W. Prather,
Shouyuan Shi, Univ. Delaware; Mark S. Mirotznik, Catholic
Univ. America; Joseph N. Mait, U.S. Army Research
Laboratory. We present the electric-field integral equation as
it applies to the analysis of three-dimensional perfectly
conducting diffractive lenses. Simulations of binary and
eight-level lenses are presented. (p. 94)

12:00m~1:30pm
Lunch Break

Koa Room

1:30pm-~3:00pm
DTuC = Optical Interconnects 2
James R. Leger, University of Minnesota, Presider

1:30pm (Invited)

DTuC1 = Diffractive optics for optical interconnects,
Hudson Welch, Eric Johnson, Michael Feldman, Digital
Optics Corp. Abstract not available. (p. 98)

2:00pm

DTuC2 m Two-dimensional micro-optical intercon-
nects for a multiprocessor system, U. Danzer,

J. Schwider, Univ. Erlangen-Niirnberg, Germany. Two
realized micro-optical interconnection systems, a 128-
channel point-to-point interconnection system and a two-
dimensional space-invariant optical star network will be
shown. (p. 99)

2:15pm

DTuC3 m Rybridization of Fresnel diffractive
microlenses and VCSEL arrays for free-space optical
interconnections, Michel Fraces, Jean-Pierre Bouzinac,
Pascal Churoux, ONERA/CERT/DOTA, France. To solve the
latency problem for connecting multichip modules on face-
to-face PC boards, we propose to image vertical-cavity
surface-emitting lasers (VCSEL) linear arrays onto
corresponding PIN photodiode arrays by using diffractive
microlenses. The microlens arrays were stuck onto the
VCSEL ones to form monolithic optoelectronic devices.
Experimental results are presented. (p. 102)

2:30pm

DTuC4 m Reconfigurable optical interconnects in
free-space optical processing modules based on
polarization-selective diffractive optical elements,
Hugo Thienpont, Nancy Nieuborg, Alain Goulet, Pawel
Koczyk, Cathleen De Tandt, Willy Ranson, Roger Vouncks,
Irina Veretennicoff, Vrije Univ. Brussel, Belgium; Andrew
Kirk, McGill Univ., Canada; Paul Heremans, IMEC,
Belgium; Maarten Kujik, IMEC, Belgium. We demonstrate a
reconfigurable optical fanout element and a switchable
logical inverter between planes of optical thyristors using
polarization-selective diffractive-optical elements. (p. 105)

2:45pm

DTuC5 = Demonstration of a monolithic micro-optical
bridge for free-space intrachip interconnects,

H. Thienpont, G. Verschaffelt, R. Buczynski, P. Tuteleers,
P. Vynck, V. Baukens, S. Kufner, M. Kufner, A. Hermanne,
J. Genoe, D. Coppée, R. Vouncks, I. Veretennicoff, Vrije
Univ. Brussel, Belgium; P. Heremans, IMEC, Belgium. We
demonstrate the proof-of-principle of optical intrachip
interconnects by establishing a 1 Mbit/s digital data link
between two optoelectronic transceivers positioned on a
same chip. (p. 108)

Reception Lanai
3:00pm-3:30pm
Coffee Break

Koa Room

3:30pm—4:30pm
DTuD = Poster Preview
G. Michael Morris, University of Rochester, Presider

3:30pm

DTuD1 = Optical elements for elimination of on-axis
visible transmission, Luzhong Cai, Chunfei Li, Jinhua
Zhao, Hua-kuang Liu, Univ. South Alabama. We have
investigated transmitted spectra of optical elements
including the phase gratings and Fabry-Perot etalon and
found design parameters for eliminating/reducing on-axis
broadband visible transmission. (p. 112)

3:32pm

DTuD2 m Generic approach to relate surface-relief
profile height and the phase function of diffractive-
optical element, Michael A. Golub, Holo-Or, Ltd., Israel.
Actual beam propagation inside diffractive microrelief is
reduced to the phase jump on the substrate surface.
Microrelief height considered versus local beam slope
angles. (p. 115)

3:34pm

DTuD3 = New theoretical method for nonuniform
gratings Investigation, G.G. Karapetyan, State Engineer-
ing Univ. of Armenia. A new method for nonuniform
gratings theoretical investigation is presented. For this type
of gratings the average permittivity, local period, and depth
of modulation are arbitrary and slowly varied along the
grating. The analytical formulaes of reflectance and
transmittance in all-frequency interval are obtained for the
first time to our knowledge. (p. 118)

3:36pm

DTuD4 = A contribution to the analysis of relief
diffraction gratings, 1. Richter, Z. Ryzi, P. Fiala, Czech
Technical Univ. Diffraction characteristics of periodic
diffractive structures with various relief profiles for both TE
and TM polarizations are studied using several different
theoretical approaches. (p. 120)



3:38pm

DTuD5 = Rigorous coupled-wave diffraction analysis
of stratified volume photopolymer holograms, Yukihiro
Ishii, Univ. of Industrial Technology, Japan; Toshihiro
Kubota, Kyoto Institute of Technology, Japan. We develop a
rigorous coupled-wave model to analyze the diffraction
properties of stratified volume photopolymer holograms.
The numerical and experimental angular selectivities of
stratified holograms are shown. (p. 123)

3:40pm

DTuD6 = Binary high-efficiency single-order gratings
for beam switching, Hartmut Bartelt, Tilman Glaser,
Siegmund Schroeter, Institut fuer Physikalische
Hochtechnologie, Germany. The combination of two binary
high-frequency diffraction gratings is used for beam
switching achieving good efficiency with small mechanical
shifts in the nanometer range. (p. 126)

3:42pm

DTuD7 m A wedge made in an artificlal dielectric,
Costantino Giaconia, R. Torrini, S. Murad, C.D.W.
Wilkinson, Univ. Glasgow, U.K. A wedge made in an
artificial dielectric is presented. Such a grating exhibits a
diffraction efficiency well above 80%. (p. 129)

3:44pm

DTuD8 m High-efficiency binary blazed grating
waveguide couplers, Michael D. Watson, Helen Cole,
NASA Marshall Space Flight Center; Mustafa Abushagur,
Univ. Alabama in Huntsville; Paul R. Ashley, U.S. Army
Missile Command. Blazed grating equations are related to
artificial index grating equations to produce binary blazed
grating equations yielding a periodic pattern emulating the
blazed grating. (p. 130)

3:46pm

DTuD9 w Arrays of infrared micropolarizers, Gregory P.
Nordin, Jeffrey T. Meier, Panfilo Deguzman, Univ. Alabama
in Huntsville; Blair Barbour, Michael W. Jones, Nichols
Research Corp. We report the design and fabrication of an
array of wire-grid micropolarizers with different angular
orientations for the 3—5-pm wavelength region. (p. 133)

3:48pm

DTuD10 = Novel polarizers using 2D bandgap
structures, Tetze Hamano, Telecommunications Advance-
ment Organization of Japan (TAO) and Communications
Research Laboratory (CRL), Japan; Masayuki Izutsu, CRL,
Japan. We propose a polarizer using a two-dimensional
photonic bandgap structure. A maximum 40 dB extinction
ratio of two orthogonal polarized waves was calculated
numerically by finite-difference time-domain method using
a square lattice structure. (p. 136)

3:50pm

DTuD11 = Color pseudo-nondiffracting beams
generated by diffractive phase elements, Bi-Zhen
Dong, Rong Liu, Ben-Yuan Gu, Guo-Zhen Yang, Academia
Sinica, China. Generation of color pseudo-nondiffracting
beams (PNDBs) by using diffractive phase elements in a
polychomatic light illuminating system is, to our knowl-
edge, first proposed. Numerical evaluations of the axial-
and transverse-intensity distributions of the diffractive field
show that all the beams obtained behave as the characteris-
tic of the PNDBs well. (p. 139)

3:52pm

DTuD12 m Optical wavelet transform with use of a
computer-generated hologram, Guo-Zhen Yang, Yan
Zhang, Ben-Yuan Gu, Bi-Zhen Dong, Academia Sinica,
China. We propose a new scheme to design the computer-
generated hologram for achieving the wavelet transform.
The present method is analyzed and a computer simulation
is given. (p. 142)

3:54pm

DTuD13 = Locating rotation-invariant optical correla-
tion, Yan Zhang, Ben-Yuan Gu, Bi-Zhen Dong, Guo-Zhen
Yang, Academia Sinica, China. An approach, which is the
combination of the fractional correlation and the method
of the circular harmonics decomposition, is proposed to
achieve the locating rotation-invariant optical correlation.
The method is analyzed and computer simulations are
given. (p. 145)

3:56pm

DTuD14 m Character display unit using a binary
phase hologram array and an LC-SLM, Nam Kim,
Bong-Gyun Kang, Chungbuk National Univ., Korea; Ho-
Hyung Suh, Duck-Hee Lee, Electronics and Telecommunica-
tions Research Institute, Korea. We have demonstrated the
character display unit that combines the dynamic property
of the LC-SLM with the high-efficiency property of the
phase hologram fabricated by photolithography. (p. 148)

3:58pm

DTuD15 m Beam steering in the spectrum of a liquid
crystal spatial light modulator, Peder Rodhe, Halmstad
Univ.,, Sweden. Spectrally dependent beam steering by an
array of liquid crystal pixels is investigated. Desired
diffraction characteristics are accomplished by a given pixel
sequence of baseband phase. (p. 151)

4:00pm
DTuD16 u Paper withdrawn.




4:02pm

DTuD17 = Binary zone plate array for a parallel joint
transform correlator system: design and evaluation,
Asako Hashimoto, Kyoko Koda, Kashiko Kodate, Japan
Women’s Univ., Japan; Roshan Thapliya, Takeshi Kamiya,
Univ. Tokyo, Japan. Introducing an optimizing design, eight-
level binary zone plate array (n = 88%) was fabricated and
applied to parallel facial recognition with satisfactory
discrimination and reasonable throughput (1.8 s/face).

(p- 155)

4:04pm

DTuD18 = Polarization analysis for detection of
molecular reactions, E.-B. Kley, B. Schnabel, Friedrich
Schiller Univ., Germany; U. Rif8, DER-Dr. Riss
Ellipsometerbau GmbH, Germany. A micro-optical polari-
meter based on subwavelength metal stripe gratings as well
as its application for molecular reactions detection will be
described. (p. 158)

4:06pm

DTuD19 = A confocal profilometer using microlens
arrays, M. Eisner, N. Lindlein, J. Schwider, Univ. Erlangen-
Niirnberg, Germany. Confocal microscopy works with
Nipkow-disc scanning of the field of view. This can be
avoided by using a microlens in conjunction with a suitable
stop array. (p. 161)

4:08pm

DTuD20 m Spectral calibration of MODIS bands using
the SRCA, Harry Montgomery, NASA Goddard Space
Flight Center; Nianzeng Che, Swales Aerospace; Jeff Broser,
Hughes STX. The Spectro-Radiometric Calibration
Assembly (SRCA) on-board MODIS utilizes a didymium
glass as wavelength calibrator. The wavelength self-
calibration capability provides information about MODIS
band shift on-orbit. (p. 164)

4:10pm

DTuD21 = Reactive ion etching: a versatile fabrica-
tion technique for micro-optical elements, Margit
Ferstl, Heinrich-Hertz-Institut fiir Nachrichtentecknik Berlin
GmbH, Germany. Various optical elements, e.g.,
microlenses, high-frequency gratings, arrayed-waveguide
gratings, strongly differing in shape, feature size (down to
100 nm) etc. were fabricated in silica and silicon. (p. 167)

4:12pm

DTuD22 = Diffractive-focusing elements for signal
purposes produced by e-beam lithography, Zbynek
Ryzi, F. Matejka, Czech Holography s.r.0, Czech Republic.
Design and production of a diffractive-focusing element for
signal lights with LED as a light source. A binary relief
structure fabricated by an e-beam lithography is chosen.

(p- 170)

4:14pm

DTuD23 = Photodeposition technique for restoring
holographic films of polydiacetylene, Hossin
Abdeldayem, Mark S. Paley, William Witherow, Donald O.
Frazier, NASA-Marshall Space Flight Center. We present a
novel photodeposition technique for depositing a perma-
nent storing holographic grating, made of a thin film of a
polydiacetylene derivative. (p. 172)

4:16pm

DTuD24 w Fabrication of microprisms of planar-
optical interconnections using analog gray-scale
lithography with high-energy beam sensitive glass,
Ch. Gimkiewicz, D. Hagedorn, . Jahns, Fernuniversitiit
Hagen, Germany; E.B. Kley, E. Thoma, Friedrich-Schiller-
Univ. Jena, Germany. The fabrication of microprism arrays
using analog lithography and their use for light-efficient
planar optical interconnections will be described. Experi-
mental results will be presented. (p. 175)

4:18pm

DTuD25 = GRIN-lens-based optical interconnection
systems for planes of micro emitters and detectors:
microlens arrays improve transmission efficiency,
Valérie Baukens, A. Goulet, H. Thienpont, I. Veretennicoff,
Vrije Univ. Brussel, Belgium; W.R. Cox, C. Guan, MicroFab
Technologies, Inc. We present a compact hybrid optical
systern, combining large-diameter GRIN lenses and
microlens arrays, to interconnect planes of microemitters
and detectors. (p. 177)

4:20pm

DTuD26 = Visible testbed projector with replicated
DOE, C. Bill Chen, Ronald G. Hegg, Todd Johnson, Bill
King, David F. Rock, Raytheon Sensors and Electronic
Systems; Robert Spande, US Army. This paper focuses on the
need and proper application of DOE’s in visible systems
and on the nature and performance of the projector optical
design and test results. {p. 180)

Koa Room

4:30pm-5:00pm
Diffractive Beauty Contest

Koa Room

5:00pm~7:00pm
DTuD = Poster Session

Luau Gardens

7:00pm-8:30pm
Conference Reception




Il Wednesda
I June 10, 1998

Koa Room

8:30am-10:00am

DWA = Micro Optics

Madeleine B. Fleming, 3M Company; Hudson Welch, Digital
Optics Corp., Presiders

8:30am (Invited)

DWA1 m Micromachining for micro-optics, Ming W,
UC-Los Angeles. We report on the application of the
emerging micromachining technology for fabrication of
micro-optics as well as its integration with microactuators
for adaptive control and dynamic alignment. (p. 182)

9:00am

DWA2 m Integrated micro-optical systems fabricated
by replication technology, M.T. Gale, M. Rossi, Centre
Suisse d’Electronique et de Microtechnigue, Switzerland;

L. Stauffer, M.. Scheidt, J.R. Rogers, Leica Geosystems AG,
Switzerland. Integrated micro-optical systems fabricated by
replication into a thin polymer film on a glass slab have
been investigated and developed for applications in sensor
microsystems. (p. 183)

9:15am

DWAS3 m Mass-transport gallium-phosphide refractive
micro-lenses for diode-array reconfiguration, T.A.
Ballen, J.R. Leger, Univ. Minnesota. Transformation of a
linear laser diode array by mass-transport-method off-axis
aspheric lenses and prisms is described. Aspehric lens
design and prism experimental results are included.

(p. 186)

9:30am

DWAA4 m Vector radiation coupling method for high-
efficiency and high-uniformity fightguide, Masayuki
Shinohara, Masataka Tei, Shigeru Aoyama, Masashi
Takeuchi, Omron Corp., Japan. A novel method for vector
radiation coupling using a concentric chirped microlens
array to achieve high efficiency and high uniformity is
proposed. {p. 189)

9:45am

DWAS m Diode laser illuminated automotive brake
lamp using a linear fanout diffractive-optical element,
J.T. Remillard, Ford Motor Co.; M.A. Marinelli, Visteon,
Exterior Systems Engineering; T. Fohl, Technology Integration
Group; D.A. O’Neil, O’Neil Engineering. Diffractive-optical
elements have been incorporated in novel, diode laser
illuminated automotive brake lamps. They offer significant
advantages compared to conventional automotive lamps.
(p- 192)

Reception Lanai
10:00am~10:30am
Coffee Break

Koa Room

10:30am-12:00m

DWB » Applications 1

Michael T. Gale, CSEM Centre Suisse d'Electronique et de
Microtechnique, Switzerland, Presider

10:30am (Invited)

DWB1. = Holographic optical element for a dual-focus
optical head, Yoshiaki Komma, Shin-ichi Kuwamoto,
Hideki Aikou, Kenichiro Urairi, Michihiro Yamagata,
Yasuhiro Tanaka, Matsushita Electric Industrial Co., Japan.
Grating profile of a holographic optical element used for
reading both 0.6-mm disk and 1.2-mm disk was optimized
to suppress unnecessary stray diffracted light. (p. 196)

11:00am

DWB2 n Counterfeit-deterrents for surface-relief
diffractive optical elements, Daniel H. Raguin, Robert
McGuire, Geoffrey Gretton, Rochester Photonics Corp.
Counterfeit-deterrent schemes are presented for surface-
relief DOEs. Identification markings are integrated that do
not alter the DOE’s primary function, yet serve to identify
the company that fabricated the original DOE master.

(p. 200)

11:15am

DWB3 = Dual-element diffractive-element algorithm
for beam shaping and phase encryption, Eric Johnson,
Adam Fedor, Digital Optics Corp. This paper illustrates a
technique for phase encryption and beam shaping using
two diffractive elements in a cascaded optical system.

(p. 203)

11:30am

DWB4 m Diffractive-optic power monitor for use with
a VCSEL source, B. Fritz, ].A. Cox, T. Werner, J. Gieske,
Honeywell Technology Center. A diffractive-optical element
to be used as a power monitor for use with a vertical-cavity
surface-emitting laser (VCSEL) source has been designed,
fabricated, and tested. (p. 2086)

11:45am

DWBS5 » Waveguides and diffractive elements for
noncontact sensors: analysis, Lars Lading, Palle G.
Dinesen, Jens-Peter Lynov, Risoe National Laboratory,
Denmark; Jan S. Hesthaven, Brown Univ. Noncontact
sensors are miniaturized by combining planar waveguides
and surface diffractive structures. A new pseudospectral
time-domain modeling of multiplexed waveguide struc-
tures is applied. (p. 209)

12:00m-1:30pm
Lunch Break




Koa Room

1:30pm--3:00pm

JWC = Joint Session with International
Optical Design Conference

J. Allen Cox, Honeywell Inc., Presider

1:30pm (Invited)

JWC1 m Diffractive optics in the Thomson Group,

J. Rollin, Thomson CSF Optronique, France; C. Puech,
Angenieux, France; P.J. Rogers, Pilkington Optronics, UK.
The paper deals with diffractive surfaces used in optical
designs: fabricated devices operating in the IR wavebands
are detailed and their manufacture in Thomson is de-
scribed. (p. 214)

2:00pm

JWC2 u Ring-toric optics in optical data storage
applications, Michael R. Descour, Daniel I. Simon, Univ.
Arizona. The design, fabrication, and characterization of a
diffractive ring-toric lens as a focus- and track-error-
sensing element is presented. The sensitivity of this
technique is evaluated. (p. 217)

2:15pm

JWC3 m Talbot array illuminators for high intensity
compression ratios, Werner Klaus, Ministry of Posts and
Telecommunications, Japan; Kashiko Kodate, Japan Women's
Univ. We present theoretical evaluations of the efficiency,
discuss some fabrication issues, and show experimental
results of Talbot array illuminators designed for high
compression ratios (>1000). (p. 219)

2:30pm

JWC4 = Super resolution and Dammann gratings,
Adolf W. Lohmann, David Mendlovic, Zeev Zalevsky, Tel-
Aviv Univ,, Israel. Early super resolution experiments by
Lukosz, Grimm, and Lohmann can be improved quantita-
tively by Dammann gratings. We also added conceptual
advances. (p. 222)

2:45pm

JWCS5 = Design of holographic optical beam splitters
based on thin-grating sequential-diffraction tech-
nique, Michael R. Wang, Univ. Miami. A thin-grating
sequential-diffraction technique is used to analyze Bragg
diffractions by superimposed transmission phase gratings
and to design holographic optical beam splitters. (p. 225)

Reception Lanai
3:00pm-3:30pm
Coffee Break

Koa Room

3:30pm~5:00pm
DWD u Fabrication 1

Shigeru Aoyama, Omron Corporation, Presider

3:30pm (Invited)
DWD1 u Paper withdrawn.

4:00pm

DWD2 = Fabrication of large circular diffractive
optics, James H. Burge, Univ. Arizona. New equipment and
techniques were developed and demonstrated for fabricat-
ing circular diffractive optics onto curved surfaces up to

1.8 m in diameter. (p. 231)

4:15pm

DWD3 n New convex grating types manufactured by
electron beam lithography, Paul D. Maker, Richard E.
Muller, Daniel W. Wilson, Pantazis Mouroulis, Jet Propul-
sion Laboratory. High-performance blazed gratings have
been fabricated on convex surfaces by electron beam
lithography, for use in an instrument to be flown on NASA’s
NM-EOI spacecraft. (p. 234)

4:30pm

DWD4 m Fabrication of blazed holographic optical
elements on oxygen-free copper by ultrahigh preci-
sion cutting, Shin-ya Morita, Univ. Tokyo and Kanagawa
Academy of Science and Technology and The Inst. of Phys. &
Chem. Res. (RIKEN), Japan; Yutaka Yamagata, Kanagawa
Academy of Science and Technology and RIKEN, Japan;
Toshiro Higuchi, RIKEN and Univ. Tokyo, Japan. We
developed a novel method to fabricate blazed holographic
optical elements on oxygen-free copper by ultrahigh
precision cutting with single crystalline diamond cutting
tool. (p. 237)

4:45pm

DWD?5 n Single-step etching fabrication of diffractive
microlens on high-energy-beam-sensitive glass,
Michael R. Wang, Heng Su, Univ. Miami. A maskless single-
step laser-assisted chemical etching technique has been
studied and used for the fabrication of sixteen-phase-level
diffractive microlens on an ion-exchanged high-energy
beam-sensitive glass. (p. 240)



M Thursday
W June 11, 1998

Koa Room

8:30am—10:00am

DThA a Metrology and Testing

Hans Peter Herzig, University of Neuchatel, Switzerland,
Presider

8:30am (Invited)

DThA1 = Diffraction efficlency limitations on visually
coupled hybrid optics, Brian H. Tsou, Air Force Research
Laboratory; Carl R. Ingling, Jr., Julie Beegan, Ohio State
Univ. Using a psychophysical scale based on direct magni-
tude estimation of image quality, we compare images
produced by hybrid optics and conventional eyepieces.

(p- 244)

9:00am

DThA2 = Optical measurement of the global and local
geometry of grating structures, Peter Blattner, S. Traut,
H.P. Herzig, Univ. Neuchatel, Switzerland. In this paper
different optical characterization methods for measuring
the local and global relief parameters of phase and
amplitude gratings are presented. (p. 247)

9:15am

DThA3 = Optical testing of technical surfaces with
diffractive-optical elements, Sven Brinkmann, Thomas
Dresel, Roland Schreiner, Johannes Schwider, Univ.
Erlangen-Niirnberg, Germany. Grazing incidence interfer-
ometry with computer-generated holograms allows a
single-step testing of entire mantle surfaces of workpieces
for macroscopic surface deviations with submicron
precision. (p. 250)

9:30am

DThA4 = Neural networks as a statistical model for
optical scatterometry, Ilkka Kallioniemi, Jyrki Saarinen,
Erkki Oja, Helsinki Univ. of Technology, Finland. Neural
networks are successfully used as nonlinear models to
predict simultaneously even five diffraction grating
topology parameters from scatterdata with <10 nm
accuracy. {p. 253)

9:45am

DThAS = Evaluation of a diamond-cut large-groove
grating for near-infrared spectroscopy, Miwa Goto,
Masatoshi Imanishi, Fumihide Iwamuro, Toshinori
Maihara, Kyoto Univ., Japan. We have developed a large-
groove grating by a diamond-cut method. The measured
diffraction efficiency is compared with that of a numerical
computation. (p. 256)

Reception Lanai

10:00am-10:30am
Coffee Break

Koa Room

10:30am~12:00m

JThB » Joint Session with Intermational
Optical Design Conference

Michael Missig, Opkor Inc., Presider

10:30am (Invited)

JThB1 m Diffractive optics: from basic research to
practical applications, G. Michael Morris, Univ.
Rochester and Rochester Photonics Corp. The features and
limitations of various mastering and replication techniques
used to produce surface-relief diffractive optical elements
are described. Key research results that have led to practical
applications of diffractive optics technology are empha-
sized. (p. 260)

11:00am

JThB2 = Low-distortion imaging spectrometer
designs utilizing convex gratings, Pantazis Mouroulis,
Jet Propulsion Laboratory. Imaging spectrometer designs
capable of submicron distortion in both spectral and spatial
directions are described, utilizing novel types of convex
electron-beam-lithography-generated gratings. (p. 263)

11:15am

JThB3 m Laser printer scan lens with diffractive
optics, Kevin J. McIntyre, G. Michael Morris, Univ.
Rochester; Susan Dunn, Karen Rumsey, Ken Ossman, Xerox
Corp. Experimental results are presented for a 600 dpi laser
printer scan lens utilizing diffractive optics technology. This
novel lens requires neither a toroidal surface nor a cylindri-
cal field mirror. (p. 266)

11:30am

JThB4 = Hybrid optics in dual waveband infrared
systems, A.P. Wood, P.J. Rogers, Pilkington Optronics, UK.;
P.B. Conway, P.A. Manning, Defence Research Agency, UK.
The fundamental diffraction-based performance limitations
of hybrid lenses in dual-band infrared systems are exam-
ined. An objective lens example has been manufactured and
evaluated. (p. 269)

11:45am

JThBS5 m A new approach to correct chromatic
aberrations utilizing a hybrid surface, C. Gary Blough,
Melles Griot. A unique approach to correct optical systems
for chromatic aberrations is generated by combining equal
and opposite amounts of refractive and diffractive optical
power on a single surface. (p. 272)

12:00m~1:30pm
Lunch Break




Koa Room

1:30pm-~3:00pm
DThC = Fabrication 2
Gina R. Kritchevsky, Donnelly Corp., Presider

1:30pm (Invited)

DThC1 = Microdjet printing of refractive microlenses,
W. Royall Cox, Ting Chen, Chi Guan, Donald J. Hayes, Rick
E. Hoenigman, MicroFab Technologies, Inc.; Brian T. Teipen,
Duncan L. MacFarlane, Univ. Texas at Dallas. Refractive
microlenses printed onto optical substrates, GRIN lenses,
LEDs, diode lasers and detectors can provide low-cost
enhancements of coupling efficiencies in optoelectronic
systems and packages. (p. 276)

2:00pm

DThC2 u Different concepts for the fabrication of
hybrid (refractive/diffractive) elements, H.P. Herzig,
Ph. Nussbaum, A. Schilling, S. Traut, 1. Philipoussis, C.
Ossmann, R. Vélkel, Univ. Neuchdtel, Switzerland; M. Rossi,
CSEM, Switzerland; H. Schift, Paul Scherrer Inst., Switzer-
land. Different concepts for the fabrication of hybrid
elements are investigated. The diffractive elements are
realized on the planar and on the curved surface of
microlenses. (p. 279)

2:15pm

DThC3 = Diffraction characteristics of thick phase
volume hologram recorded in photo-thermo-refractive
glass, S. Dunn, M.G. Moharam, L. Glebov, K.A.
Richardson, CREOL, Univ. Central Florida. We characterize
high-resolution and high-efficiency thick volume phase
holograms in photothermo-refractive (PTR) silicate glasses
fabricated and processed at CREOL. Diffraction efficiency
and angular selectivity measurements are presented.

(p. 282)

2:30pm

DThC4 m One-step fabrication of a high-efficiency flat-
top beam shaper, Xu Guang Huang, Michael R. Wang,
Univ. Miami. We report the realization of a high-efficiency
diffractive-optics beam shaper on an ion-exchanged high-
energy beam sensitive (HEBS) glass using laser-assisted
chemical etching technique. (p. 285)

2:45pm

DThC5 = Effects of fabrication errors on Talbot array
illuminators, Thomas J. Suleski, Digital Optics Corp.
Fabrication errors have unusual and undesirable effects on
the performance of Talbot array illuminators. Theoretical
and experimental data are presented to explore the effects
of fabrication errors on these devices. (p. 288)

Reception Lanai
3:00pm-3:30pm
Coffee Break

Koa Room

3:30pm-5:00pm
DThD w» Applications 2
Shogo Ura, Osaka University, Japan, Presider

3:30pm (Invited)

DThD1 m Diffractive and microoptics at Centro
Ricerche Fiat: implemented technologies and
applications in the transport industry and general
lighting, P. Perlo, P.M. Repetto, S. Sinesi, V. Lambertini,

C. Bigliati, Centro Ricerche Fiat, Italy. Emphasis on the
design methodologies and on the technologies imple-
mented to rapidly manufacture large nonrepeated cluster is
given. The development of systems based on diffractive and
micro-optics for the motorcycle, automotive and general
lighting industries is presented. Considerations on their use
over the more conventional approaches conclude the paper.
(p. 292)

4:00pm

DThD2 m High-efficiency transmission diffractive
grating and grating lens of the megajoule laser final
optic assembly, Alain Adolf, Arnaud Dulac, Eric Journot,
CEA/LV-DLP/SCSL, France. We describe the design and
fabrication processes and compare theoretical calculations
with experimental results for the two diffractive elements.
(p. 293)

4:15pm

DThD3 = Design of diffractive-optical elements for
mode shaping within custom laser resonators, Ian M.
Barton, Mohammad R. Taghizadeh, Heriot-Watt Univ., U.K.
Diffractive-optical elements are designed using numerical
optimization algorithms that customize the shape of the
fundamental mode of a laser resonator. Experimental
verification is presented. (p. 296)

4:30pm

DThD4 m Diffractive elements for the generation of
propagation-invariant, rotating, and self-reproducing
fields, S.N. Khonina, V.V. Kotlyar, V.A. Soifer, Russian
Academy of Sciences; P. Piakkénen, J. Lautanen,

M. Honkanen, M. Kuittinen, J. Turunen, Univ. Joensuu,
Finland; A.T. Friberg, Royal Institute of Technology, Sweden.
Diffractive elements fabricated by electron beam lithogra-
phy are used to demonstrate superpositions of Bessel field
modes with wave vectors on one or several Montgomerys
rings. (p. 299)

4:45pm

DThDS = Liquid crystal blazed grating beam deflector,
Xu Wang, Demetri Psaltis, California Institute of Technology;
Daniel W. Wilson, Richard E. Muller, Paul D. Maker, Jet
Propulsion Laboratory. A liquid crystal blazed grating beam
deflector, which consists of a stack of liquid crystal and
PMMA composite blazed gratings has been developed. Four
steering angles with approximately 70% diffraction
efficiency are achieved within a 15V voltage. (p. 302)
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Grating diffraction analysis: Maxwell’s equations or
Kirchhoff diffraction integrals

M. G. Moharam and S. Dunn
Center for Research and Education in Optics and Lasers,
University of Central Florida
Orlando, Florida 32816-2700
(407) 823-6833, Fax (407) 823-6810, email: moharam@creol.ucf.edu

Introduction:

Scalar diffraction theory is widely used to design and analyze diffractive optical
elements. This approach has been the approach of choice for it is easy to use,
lacks computation strain, and more importantly, offer some direct approach for the
design of diffractive elements. The validity and, therefore, the usability of the
scalar diffraction approaches are based on the assumption that the smallest
feature in the diffractive element is much greater than the wavelength of incident
light. However, recent advances in the fabrication techniques have resulted in
producing diffractive optical elements with small feature sizes of wavelength and
subwavelength dimensions and scalar diffraction approaches may not be
applicable. Rigorous diffraction analysis techniques have been developed and/or
refined to analyze these wavelength size structures. These methods include
rigorous coupled-wave theory, modal approach, method of moments, and other
differential and integral methods. These electromagnetic theory based approaches
provide powerful, accurate, and relatively efficient analysis methods. However,
they do not provide satisfactory tools for the systematic design of diffraction

elements.

Approach

The objective of this work is to provide an insight into the scalar diffraction
formulations to help determine the conditions under which these scalar approaches
may be applied with reasonable accuracy. We will attempt to identify and

delineate the inherent fundamental “physical” approximations in the scalar
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formulation of Kirchhoff and Rayleigh-Sommerfeld integrals from those
approximations performed to simplify the formulation and/or to obtain close-form
solution for the diffraction problem. The fundamental diffraction problem consists of
two parts. They are: 1) determining the effect of introducing the diffractive structure
upon the electromagnetic fields immediately behind and in front of the structure
and 2) determining how the field will propagate away from the diffractive structure

in either direction.

The propagation part is relatively well recognized, if not fully understood.
Approximations in this part are predominantly the “mathematical” kind that lead to
simplifications in the formulations including those for far-field Fraunhofer diffraction
and near-field Fresnel diffraction. However these mathematical approximations
are precisely the cause for the various wave front various aberrations of optical
imaging systems ignored when making the Fresnel and the Fraunhofer
approximations. These approximations are not necessary and can be avoid with

additional modest effort in the numerical calculations of the diffraction patterns.

However, the first part of the diffraction problem, which is imposing a field
distribution immediately behind/before the diffractive structure, is the fundamental
physical approximation in all scalar diffraction integral theories. This is true for
Kirchhoff, and Rayleigh-Sommerfeld, and similar scalar integrals. It is clearly the
main and very significant difference between the scalar methods and
eleétromagnetic based techniques, where the field at the diffractive structure is

rigorously calculated.

We will discuss the implications of the approximations inherent in the Kirchhoff's
integral based scalar diffraction analysis methods specifically as related to forcing
a field distribution at the aperture. These imposed field distribution and the
resulting diffraction characteristics will be compared by those obtained by
electromagnetics based rigorous coupled-wave technique. The insight gained into
the scalar diffraction formulations will help provide a better understanding to he
conditions under which these scalar approaches may be applied with reasonable

accuracy.
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Mathematical Modeling of Diffractive Gratings

Gang Bao
Department of Mathematics
University of Florida
Gainesville, FL 32611

1. Introduction. Since 1990, the electromagnetic theory of gratings has received considerable attention from
the applied mathematics community. Several approaches and numerical methods have been developed, including
integral equation methods Dobson and Friedman [9], analytical continuation method Bruno and Reitick [7], and
variational methods Dobson [8], Abboud [1], and Bao [3]. Significant results on existence, uniqueness, and convergence
of solutions of the Maxwell equations have been obtained. We refer to Bao, Dobson, and Cox [5] for a survey of recent
mathematical and computational results. A good introduction to the problem of electromagnetic diffraction through
periodic structures can be found in Petit [12]. See also Gaylord and Moharam [10], Li [11], ... for other approaches,
particularly along the line of differential methods.

Here, we present a new variational approach based on least-squares finite element methods, drawn largely from
our recent work [4] [6]. We highlight the main steps of this approach as well as the convergence properties. In
particular, optimal convergence rates may be obtained in both TE and TM cases. We also discuss the computational
aspects of the approach. Qur numerical experiments indicate that the least-squares finite element methods are
accurate and efficient.

2. The scattering problem. We assume that the media are nonmagnetic with a unit magnetic permeability,
and no external charge or current is present. Then the electromagnetic fields satisfy the following time harmonic
(time dependence e~*“*) Maxwell equations: Vx E—iwH = 0, V x H+iweE = 0, where E and H are the electric and
magnetic field vectors, respectively, w is angular frequency. The geometry and material properties are characterized
completely by the dielectric coefficient e(z), z = (x1,2,z3). The periodicity of the structure is also characterized
by the dielectric coefficient. In the two dimensional setting, we assume that the medium and grating surface are
constant in the zo direction. It follows that the solution of the diffraction problem can be written as a sum of TE
(transverse electric) and TM (transverse magnetic) polarized solutions: In the TE case, the electric field is pointed
along the z, direction, the Maxwell equations may be further reduced to (A + w?e)u =0, E =u(z1,23)Z> . In the
TM case, the magnetic field is pointed along the z, direction, thus V- (1Vu) +w?u =0, H =u(z1,z3)%2.

The periodicity of the structure and material allows us to compute the solutions in a single period. The
fundamental step of the variational approach is to reduce the problem to a bounded domain or cell. This can be done
by introducing a pair of transparent boundary conditions resulting from the radiation condition, Green’s functions,
and quasi-periodicity properties of the solutions(8][5].

We consider the simple situation of linear gratings in TM polarization. Assume that the medium and grating
structure are invariant in the z2 direction.

Let a plane wave uy = e(**1=%173) be incident on the grating surface S; from the top, where & = w4/1sin#,
B1 = w+/Ercosh, and @ € (—%, ) is the angle of incidence. Assume that some possibly nonhomogeneous material
lies in between S; and Sz. Let Q1, Q2, Qo denote the regions above S1, below Sz, between S: and Sa, respectively.
The dielectric coefficient £ is defined to be &1 in £3; €0 in Qo; €2 in ), where €1, €2 are fixed positive constants,
€o is a bounded function which satisfies inf(z, z;)en, Re€o(z1,23) > 0, and Imeo(z1,23) > 0. We are interested in
quasiperiodic solutions u, i.e., ue~***1 are 27 periodic in z;. So we may restrict our attention to a single period.

Introduce the notations 'y = {za =b, 0< 21 <27}, To={z3 =-b, 0<z1 <27}, Q={0< 21 < 27,-b <
z3 < b}, Vo =V +i(a,0), ua = ue~ %1, where b is a positive constant such that S, S; lie strictly between I'; and
Pz.

Let a = 1/(w?€), a; = 1/(w?¢;), § = 0,1,2. The scattering problem in the TM case can be formulated as follows
(Bao [2]):

Vo (a;Voul)+4w, = 0in®; j=0,1,2,
[ua] OonSj, j=1,2,
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nj+[eVaua] = 0onSj,
9
(Tza - a—nz) ’U-:i = QOon Pz,

where uf = Uala;, § = 0,1,2, n; is the unit outward normal to Q;, j = 1,2, and the symbol [-] denotes the jump of
a function across the specified surface. For a function g on T';, define the operator I by

(’1"j°g)(-'l?1) = Z iﬂ}")(a)g(")e""‘”,
neZ
where (™ is the Fourier transform of g, and
6 (a) = Vwiei— (n+a)?  ifwle > (n+a)?,
J i(n+a)? —wl; ifwle <(n+a)i
Note that a slight modification of the expression of ﬁé") would be needed for complex ¢3,.

3. Least-squares finite element methods. In order to introduce the approach, it is crucial to view the
grating problem as an interface problem with interfaces S1, S2. The first step is to rewrite the interface problem as
a first order system of u, ¢ and to formulate it as a least-squares problem. Let ¢/ = a;Vqul, j = 0,1,2. We have

Ve-¢ +ul, = 0inQy, j=0,1,2
ojVetuh —¢ = 0in®;, j=0,1,2,
[ue)] = O0onS;, j=1,2,
f[n-¢] = O0onS;, i=1,2,
aiTiul —mi-¢' = fonly,
aszuZ —ng- ¢2 = 0OonTy,

where f = 2ia;B1e"*F1b,

Let V = {u € L*(Q) : o/ = ulo, € H3(Q;), j =0,1,2}, where L*(Q) contains all the square integrable functions
in Q, H;(Q;), the Sobolev space of order one, contains complex 27-periodic (in ;) square integrable functions, whose
first order derivatives are also square integrable. Denote W = {¢ € (L*(2))? : ¢’ = ¢|a; = Hy(div,Q;), j =0,1,2},
where Hp(div, Q) = {¢ € (L*(Q;))?: V-¢ € L? and ¢ is 27 periodic in z; }. Define the least-squares functional
J(v,9%; f) by

2 2
Z(”Va : '%/’J + 'Uj”ii’(n,-) + ”ajva'UJ - 7/’7"12(97-)) + Z(”[”]”iiln(sj)

j=0 i=1
il - "1’]”?1—1/2(51.)) +lla o' —ny -9t - .f"?{—lﬂ(pl) + lla2T2v® — nz - "/’2"?1—1/2(1*2)-

Note that the jump conditions are built in the functional. The L?, H~'/2, H*/? norms are standard and may be
computed via the Fourier transform.
The least-squares minimization problem is to find u € V, ¢ € W, such that

Jw¢if)= _inf  J(0,% ).

Taking the variation of J with respect to v,, we obtain an equivalent variational problem: find u € V, ¢ € W such
that

B(u7¢;v7¢) = (f,a1T1‘Ul —-np- ¢1)_%,[‘1: Vv € ‘/5 1/) € VV7
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where

2
B(u,¢iv,9) = Y {(Va ¢ +o/, Vo -9’ + 7)o, + (a;Vet’ = ¢, a;Var’ — /)00, } +

j=0
2
Z{([U],[v])%,sj +(n-gl, n-¥D_ys, +(@T5w =15+ ¢, ;T —ms-9)_y .}
i=1

Here < - >_ 3.5 < >3 <> < >1,s; are inner products in the specified spaces which are defined by
Fourier transforms (series), and (-)o,n,; denotes the L? inner product.

Let Vi, W4 be finite dimensional subspaces of V, W, respectively. Here h is the mesh size from partitioning
into subdomains. A least-squares finite element approximation (us, @) of (u, ¢) may be obtained by solving

B(un, h; vh, %) = (f,a1Tivn = n1 - $R)_y 1, Yon € Vi, ¥ € Wi,

which gives rise to a system of linear equations. An important property of the least-squares finite element formulation
is that the resulting system is symmetric, positive definite, and thus can be solved efficiently by various existing
preconditioning techniques.

In addition, it is shown in [6] that under some mild assumptions

llv = urllzz ) + 116 = dulla, @iv,0) < Ch

where the constant is independent of h. In fact, better convergence results can be expected with more regular grating
surfaces. In contrast, no convergence rate is available in the TM case for the standard finite element method [2].

Our approach has the following advantages: The problem may be discretized on both sides of the interface and
the jump conditions are enforced through the least-squares functional. In particular, different finite element spaces
may be easily used on two sides of the interface. The interface can be a curved surface. Both electric and magnetic
fields can be determined simultaneously, which avoids the unstable numerical differentiation process. With sufficiently
smooth interfaces, significantly better estimates can be expected. Note that even with a smooth interface, standard
finite element may not have good convergence results.

Finally, in TE polarization, due to more regular global solutions, a different (non-interface type) least-squares
finite element method may be employed [4]. We believe that the general ideas also apply to crossed gratings and
nonlinear gratings.
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Reformulation of the Fourier modal method
for surface-relief anisotropic gratings

Lifeng Li
Optical Sciences Center, University of Arizona, Tucson, Arizona 85721
Tel: (520) 621-1789, Fax: (520) 621-4358

1. Introduction

Surface-relief gratings made with anisotropic materials are finding more applications. An example is
grooved magneto-optic disks as data storage media. The present work is a reformulation of the
couple-wave method, for solving the anisotropic grating problem, that is described in Refs. 1-3. [Since
the method essentially is a modal method relying on expanding both the electromagnetic fields and the
permittivity function into Fourier series, here it is referred to as the Fourier modal method (FMM).] It
originated from the work documented in Refs. 4-7. Recently Lalanne and Morris®, and Granet and
Guizal® simultaneously reformulated the conventional FMM for isotropic gratings in TM polarization. As
a result, the convergence of the method for highly conducting metallic gratings was greatly improved.
Auslender and Hava® also reported the same reformulation. The findings of these authors were
mathematically justified and summarized in the form of three Fourier factorization rules’. The use of these
factorization rules has led to improvement of convergence in two other cases: the C method for gratings
with sharp edges® and the FMM for crossed gratings.® This conference paper briefly reports yet another
successful application of the factorization rules. A detailed exposition will soon appear elsewhere.'

2. Statement of the Problem

The grating geometry is shown in Fig. 1. In this (2 y
paper a tilde is used to denote a tensor in the I 2
three-dimensional space. With the exception of the R A y
incident medium, every region in the grating j: 1
structure can be either isotropic, uniaxial, or

biaxial. The basic grating problem is to determine
the diffraction efficiencies and states of polarization
of the propagating diffraction orders.

— d
7 0

Fig. 1. Geometry of the anisotropic grating.

3. Eigen Solutions in a Homogeneous Anisotropic Medium

In an anisotropic grating structure there are usually some homogeneous anisotropic layers. This is true
at least when the substrate is anisotropic. In order to write down the Rayleigh expansions for the fields,
one must solve the eigenvalue problem for the plane waves in an anisotropic medium. To do so one
solves, implicitly or explicitly, a fourth order polynomial that is called the Booker quartic.! From a
geometrical point of view, the solution of the Booker quartic amounts to the following operation. First,
cut the wave vector surface' with the plane that contains the y axis and vector b = k& (assuming non-
conical incidence). An example of such a cut is illustrated in Fig. 2. Then, parallel to the y axis draw
a line passing through the tip of . The ordinates of locations where the line pierces the wave vector
surface give the real solutions of the Booker quartic.

Of the four solutions of the Booker quartic, two solutions correspond to upward propagating or
decaying plane waves; the other two correspond to downward propagating or decaying plane waves. The
physics of the problem requires that, in the substrate, the up-waves be discarded and the down-waves
be kept. Thus, the identification of the directions of the waves is important. The task of identifying the
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directions of the propagating plane waves in an anisotropic medium seems to have been handled by
previous authors in manners that ranged from careless to over-conservative. Indeed, one often finds in
the literature statements like: A k, > O corresponds to an up-wave and a k, < 0 corresponds to an
down-wave. Such a statement, although true for an isotropic medium, is not always true for an
anisotropic medium. It suffices to note that for a given b it is possible that three k, values have the same
sign. Examples of this possibility are shown in Fig. 2 by lines PP’ and QQ’. On the other hand, other
authors calculate the y components of all Poynting vectors in order to classify the solutions. This
approach is reliable but inefficient and not so elegant. A simple and reliable set of identification criteria
are given in Ref. 10.

4, Fourier Analysis in the Grating Region

In the conventional treatment'? of the FMM Fourier
expansions of the electromagnetic fields and the
permittivity function are directly substituted into the
standard form of the two Maxwell’s equations
involving curl operators. After the elimination of
the y components of the fields, a matrix eigenvalue
equation is obtained,

A-(E,,H, H,E) = A(E,H,H_E),

where A is the eigenvalue, superscript T indicates
matrix transpose, and A is a 4 x 4 block matrix
whose expressions can be found in Refs. 1-3. Here
it is only necessary to pointed out that A in general
depends on the Fourier expansions of all 9 elements  Fig. 2. Geometric interpretation of solutions of the Booker
of the tensorial permittivity function &(x). quartic.

The conventional FMM converges slowly for surface-relief gratings when the permittivity contrast
in the grating region is high. This is because the conventional formulation uses the Fourier expansions of
the permittivity tensor elements without due considerations of the continuity characteristics of the products
in which they appear. A reformulation of the FMM following the theorems and methodology presented
in Ref. 7 shows that the expressions of matrix A given in Ref. 1-3 are still valid, provided that
everywhere in these expressions [e;] are replaced by Q,, where Q; are elements of the 3 x 3 block

matrix
( -1 -1 - \
1 RN W et 1] 2
e £y L0 £y, &n
e w-1 ; -1 3 _ ; ; -1 . _
Q- a1 Enif 1 Tl , Bttt Eafi 1 el [ Euts " tantnp
”
| €1 f) || B tnjitul fCu | ey Eajfj tnj tn] gy
oo men \ 1 ] _ ; . ; _
Eaff L Enfff 14 f122], {tuse " %to Eu 3 g, | Eufn " tnts
\ L 8u] [ Bn i Buj 2 ] T, L% NI RSTH £ ] ty ]

and [ 7] is the Toeplitz matrix generated by the Fourier coefficients of function f(x).

It is emphasized that the above expression of matrix Q is mathematically derived following the
theory of Ref. 7. One may recall that the authors of Refs. 4-6 found the correct formulation of the FMM
for isotropic gratings more or less empirically. If one were to find the correct expression of A empirically,
he would be facing an impossible task. The tensor elements €; appear in the old A matrix in 36 places.
If for every &, appearing as a numerator he would experiment with [€;] and [1/6,1', and for every ¢;




DMA3-3/9

appearing as a denominator he would experiment with l[l/e,-j]] and [€;]1"', then he would have 2% =
68,719,476,736 experiments to perform, an astronomical figure! Moreover, the correct answer is even
not among these huge number of possibilities.

5. Numerical Example

The example is built upon a celebrated test case for evaluating the convergence of the FMM for isotropic
gratings*>*®, The only difference here is that an anisotropic dielectric material is added, filling the grating
grooves and leaving a one-wavelength thick layer above the grating. The biaxial tensor of this fictitious
material is characterized by &, = 2.25, &, = 2.56, &; =2.89, ¢, =0.04, &,; =0.16, and g,; = 0.36.
Figure 3 compares the convergence of the old and the new FMM. The truncation order N is one-fourth
of the dimension of matrix A. Note that because of the arbitrary orientation of the permittivity tensor a
TE (or TM) incident plane wave excites both TE and TM polarized diffracted orders.

o 04} o 06}
o P

§ § osf /

g 03 -

& o 04 |
Qo

= B .l ]

g 02 1 o

Q =] a5

B Bozl M. D & [ -

« -1 : )

w Ol =t relt A

o & olr ;;:-ul’l!l ..... it -

E E AR R ASAAMAAANS
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Truncation Order N Truncation Order N
(@) ()]

Fig. 3. Comparison of convergence of the 0 order (a) and the ~ 1st order (b) diffraction efficiencies computed by the
old and new formulations of the FMM, for a metallic lamellar grating coated with an anisotropic layer. The incident
polarization is TE.

6. Conclusion

The Fourier modal method for anisotropic surface-relief gratings has been reformulated by using the
correct Fourier factorization rules of Ref. 7. It is shown that the newly formulated FMM converges much
faster than the old formulation when the permittivity contrast in the grating groove region is large. Highly
conducting lamellar gratings coated with anisotropic materials, the analysis of which was impractical by
using the old FMM, can now be analyzed easily with the new FMM.
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1. Introduction

The Fourier modal method (FMM) is one of the simplest and most effective methods for modeling
diffraction gratings. Burckhardt’s paper!, published in 1966, marked the beginning of this method. In
Burckhardt’s work, a volume grating of lossless, sinusoidally varying permittivity was considered. Later
Kaspar® extended Burckhardt’s work to lossy and non-sinusoidal volume gratings. Apparently unaware
of Burckhardt and Kaspar’s work, Peng et al.® also proposed the Fourier modal method; however, they
refrained from applying it to surface-relief gratings (see next section). Apparently unaware of the concerns
of Peng et al., Knop* extended Burckhardt’s work to rectangular surface-relief gratings. Moharam and
Gaylord® took one step further. They applied the FMM to analyze surface-relief gratings of arbitrary
profile.

In the FMM, both the electromagnetic fields and the permittivity function in the grating region are
expanded into Fourier series. A matrix eigenvalue problem is obtained upon substituting the Fourier series
into Maxwell’s equations; hence the name Fourier modal method. In order to solve the eigenvalue
problem numerically the coefficient matrix must be judiciously truncated (Mathematically this is called
the method of reduction). With the sole exception of Peng er al., no authors on the subject have
expressed any concern over the legitimacy of using the method of reduction. Even in the recent
reformulation of the method®®, the legitimacy remained unquestioned.

The researchers seem to have put their faith in the physics of the problem or in the satisfactory
performance of the numerical codes. However, there are at least three good reasons to investigate the
applicability of the method of reduction: 1. To develop the FMM into a scientific method (not just an
engineering tool) it is necessary to lay it on a solid mathematical ground. 2. The applicability study will
pave the road to a mathematical analysis of the convergence characteristics of the FMM, which may
eventually lead to an a priori criterion for determining optimum truncation. 3. Such a study potentially
could also suggest new approximation methods.

2. A Discussion of Peng et al.?

The 1975 paper of Peng et al. is of great importance in the theory of gratings. It contains a large number
of significant results. Pertinent to the present subject is the paragraph containing inequality (24), in which
they mathematically justified the use of the method of reduction in the FMM for certain types of gratings.
To my knowledge, this is the first and the only effort of the kind made by an author on the FMM.

However, I find the discussion of Peng et al. in that paragraph both peculiar and unfortunate. I say
that it is peculiar because, according to Kantorovich and Krylov," inequality (24) gives the condition
for the linear system to be regular. However, regularity only assures the solvability of the linear system
by the method of successive approximation. It does not assure the convergence of the infinite determinant.
Based on this inequality, they concluded that for surface-relief gratings "other mathematical techniques
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for determining the characteristic solutions in the grating region have to be employed". With the benefit
of the developments in the FMM over more than 20 years since the publication of that paper, we now
know that this statement is incorrect. I say that it is also unfortunate because in Section 6 of the same
chapter that they referenced, printed in small type, Kantorovich and Krylov mentioned a theorem of H.
von Koch. This theorem is all we need to establish the applicability of the method of reduction in the
FMM, at least in TE polarization, for gratings of any index distributions.

3. A Theorem of H. von Koch
LetAy, i, k==e, ..,—1,0,+1, .., + e, be adouble sequence of complex numbers.
Theorem (H. von Koch)

For the determinant of A,, and all its minors to converge absolutely, it is sufficient that the product
of the diagonal elements converges absolutely and that the sum of the squares of the non-diagonal
elements converges absolutely.

4. Application to the Fourier Modal Method
4.1 TE polarization
The matrix eigenvalue equation in TE polarization is normally written as'*%°

T(Ey_p- 28, )E, = PE,, ¢
n
where p is the eigenvalue, o, = o+ m K, &(x) = e(x)pk? (Gaussian system of units is used here), and

the rest of the symbols take their usual meanings. Assuming that &, — 0,2 — p #0, V m, we can rewrite
Eq. (1) in a more convenient form:

E/m-u
2 ey @
n 0 m =P

where &, =&, if m %0, and & = 0. For gratings of any kind, volume or surface-relief, the Fourier
coefficient of E(x) tends to zero at least as fast as 1/n as n — . Thus by von Koch’s theorem it is easy
to see that the method of reduction can be applied to the solution of Eq. (1) or (2).

4.2 TM polarization
The matrix eigenvalue equation in TM polarization should be written as*®

17! -1
Z [[?]] E(anp—an[[E]]np ap )Hzp = szm’ (3)
n mn P
where [£] denotes the matrix with elements &nn = &pnr For simplicity we only consider the case of o,
#0, V m. Then Eq. (3) is equivalent to

2[ . +E——E - ( H —ap,‘”Hzﬁo. )
n m « E p-n

Note that compared with Eq. (2) there is an extra summation over p in Eq. (4). Let A®) be the matrix
elements obtained by summing over p from — P to + P, and lA® 1%, be the truncated determinant with
|m| < N and |n| < N. Then from von Koch’s theorem it follows that, for a fixed P, IADIY,
converges as N — . However, since we normally truncate the three indices m, n, and p
s1mu1taneously to the same integer in numerical computations, what we really want to know is if
IASNY converges as N — . In von Koch’s theorem A, is assumed to be independent of matrix
truncation, so the theorem is not directly applicable to the present situation. Nonetheless, a detailed
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analysis along the line that von Koch arrived at his theorem shows that the answer to the above question
is positive. Therefore the method of reduction is also applicable to TM polarization.

5. Discussion
Without much further analysis, Eqgs. (2) and (4) already tell us mathematically many facts that we have
known from numerical experience.

5.1. Convergence difference between TE and TM

It is well known that for a surface-relief grating the FMM converges faster in TE polarization than
in TM polarization. This can be seen from the fact that the non-diagonal matrix elements in Eq. (2) tend
to zero like 1/[m*(m—n)] as m — = and n — o, whereas the non-diagonal matrix elements in Eq. (4) tend
to zero like [(n |n [)/n + (In |m |Ym ]/ [m(m-n)).

5.2 Influence of the permittivity difference on numerical convergence

For a surface-relief grating the non-diagonal matrix elements in Eq. (2) are proportional to Ae, the
permittivity difference. In TM polarization the asymptotically dominant contribution to the non-diagonal
matrix elements is proportional to (Ac)>. Thus the greater the permittivity difference is, the less
diagonally dominant the coefficient matrices become, and the slower the convergence of the
eigen-solutions is. '

5.3. Influence of the magnitude of the eigenvalues on numerical convergence

An independent analysis or numerical experiments will show that p ~ - (nK)* for an eigenvalue with
a sufficiently large order number n, assuming that the eigenvalues are ordered in increasing magnitude.
Therefore, from both Egs. (2) and (4) it can be seen that with a large eigenvalue it takes a larger
truncation number N for the peripheral elements of the matrices to have sufficiently small values than it
takes with a small eigenvalue. Thus the higher order numerical eigenvalues converge slower than the
lower order eigenvalues. This conclusion agrees with numerical observations.

6. Conclusion
The applicability of the method of reduction in computing the eigen-solutions in the FMM is established
by using a classical theorem of H. von Koch. This work may serve as a starting point of a mathematical
study of the convergence characteristics of the method.

Incidentally, a similar analysis can be easily made to justify the use of the method of reduction in
the coordinate transformation method of Chandezon et al'.
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1. Introduction

The conceptual advantage of Kirchhoff’s approximation' for the description of optical elements and systems is the
intensive use of the Fourier transformation®. Its simple mathematical relations can be used to predict spatially
distributed light signals in any plane of an optical system. An analysis in terms of Fourier optics and, more
specific, the paraxial approximation is even appropriate if more rigorous calculations are required to achieve a
desired accuracy for the design of the system.

Kirchhoff’s approximation involves the description of diffractive optical elements as thin elements. Here we seek
for an extension, which considers the effect of a finite thickness of optical elements. Differently from reference 3,
where an extension of the Kirchhoff diffraction theory for surface relief structures is obtained on the basis of the
first Born approximation, we adapt time-dependent perturbation theory of quantum mechanics to obtain an unified
description for a large variety of diffraction phenomena. The applications we discuss show that a description of
optically thick elements can be achieved preserving the simplicity and intuitive character of Fourier optics.

2. z-dependent perturbation theory of diffraction

In optical applications one space coordinate, for instance z, usually serves as the optical axis along which the
propagation of the two-dimensional complex amplitude is observed. For a weakly scattering object in free space
described by the refractive index distribution n(x,y,z) Helmholtz’ equation can be written as

az
[H, + H]u(x,y,z) = —a7u(x,y, 2) 6y
where u(x,y,z) is the complex amplitude and with the wave number k;=27/A, we have
az a2 . ' 2
H, 5—;2—+W+k3, H = ki(n?-1) )

The fundamental solutions of the z-independent equation, H’'=0, are plane waves and any solution can be expressed
as a superposition of these solutions

u(x,y,z) = ]: Ia(v, m) exp[i2n(vx + p.y)] exp| i21th]dvdu 3)

The propagation constant § and the spatial frequencies v, W are connected through P2+v>+u’=1/A%. Assuming a
small perturbation we expect that the complex amplitude can still be obtained as a superposition of the undisturbed
solutions, but with a z-dependent plane wave spectrum a(v,J,z). Substituting Eq. (3) into Eq. (1), multiplying with
the complex conjugate of the output plane wave and integrating over both lateral coordinates we find

2 o oo
- éa?-a(v' W,z) i41t[5'aa—za(v‘ W, z)= f Ja(v, w,z) ' (v-v,w'-i1, 2) exp[i i2n(B - ) z] dvdqp @

The z-dependency of the plane wave spectrum is expressed as a set of coupled differential equations. The coupling
strength is determined by the Fourier transform of the perturbation operator H'(x,y,z). Eq. (4) can be the starting
point of a coupled wave analysis®. To emphasize the perturbation approach, we neglect the second derivative in
Eq. (4), i.e. a smooth change of the coefficients is assumed. For a simplified notation, we only consider a single
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incident plane wave a(v,u, 0) = 3(v-vo,l-to). We also assume, that the intensity of the incident wave does not
change significantly while passing the object. Integrating the remaining terms with respect to z, only considering
plane waves propagating in positive z - direction, we obtain

a(v,n,z) = -Z;—B J;ﬁ'(v—vo,u—p.o,z')exp[—iZn(B—Bo)z']dz' + 8(V-v,1—,) ®)

The delta-function corresponds to the incident beam. Egs. (4) and (5) can be interpreted as follows: The plane
wave spectrum behind the object can be calculated as the convolution of the incident plane wave spectrum with the
three dimensional Fourier transformation of the perturbation. In comparison, for thin elements the input spectrumn
is convoluted with the two dimensional Fourier transform of the transparency. For dielectric optical fibers a
perturbation expression similar to Eq. (5) is derived in reference 5. Then, the plane waves in Egs. (3) - (5) are
replaced by the transverse eigen functions of the undisturbed waveguide.

3. Applications
A. Equivalence of z-dependent perturbation theory and the first Born approximation

In quantum mechanics a formal equivalence between the time-dependent perturbation theory and the first Born
approximation can be derived®. Similarly, Eq. (5) can be compared to the first Born approximation which has
already been used to describe volume holograms’. In fact, Eq. (5) yields the scattering amplitude as a superposition
of the incident wave and the scattered field. Despite this formal equivalence, the z-dependent perturbation
approach is derived from a quite different point of view: While the Born formulation is based on Green’s function,
and thus starts from a spherical wave expansion, the z-dependent perturbation theory departs from an expansion in
terms of the eigen functions of the problem, ie. plane waves for free space optics. Hence, both perturbation
methods are related like the spherical wave approach of the Huygens-Fresnel -Kirchhoff diffraction theory and the
plane wave description of the Rayleigh-Sommerfeld-Debye diffraction theory®

Furthermore, the equivalence of both approaches becomes evident for the calculation of the plane wave spectrum
behind a thick surface relief structure. The perturbation operator H’ is

[v2(n2 _1} <7<
H'(x,y,z) _ ko(n 1), 0<z< h(x,y) 6)
0; otherwise
where h(x,y) is the local thickness of the element. Neglecting the bias in the zero order diffraction amplitude and
assuming the incident beam propagating on-axis the plane wave spectrum behind the element is
(n?-1) exp[— i2(B B, ) (x,y)]
(vh) = z f |
21:) B(B-B0)

This result was already obtained in the framework of the first Born approximation to extend the thin element
approximation®. Eq. (7) can be also used as a starting point to derive the thin element expression®.

exp[— i2n{vx + uy)] dxdy (7

B. Absorbing screens and Babinet’s principle

A thick absorbing screen can be considered by a complex refractive index distribution in Eq. (6). As an illustrating
example, which provides insight into the structure of the perturbation operator for absorbing screens we derive the
expression for a thin transparency. For small diffraction angles the propagation constant B can be treated as a
constant. For a transmittance t(X,y) and a perturbation operator

H'(xv,y,z) = —i41tB[l-—t(x,y)]8(z) ®

Eq. (5) yields the plane wave spectrum of t(x,y). H'(x,y,z) basically is the inverse of the transmission function
which is defined zero for opaque areas and one for openings. Thus, the relation between the transmission function
and the perturbation operator is ruled by Babinet’s effect'®. The term for the incident wave, i.e. the delta function
in Eq. (5), then compensates for the additional zero order contribution caused by an inverse screen.
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C. Pseudo-deep holograms and planar-integrated micro-optics

The perturbation approach can also be applied to a class of problems where the diffractive element is basically thin,
but tilted by an angle o with respect to the optical axis. One application are so-called pseudo-deep holograms®°.
Neglecting constant factors the perturbation operator for a pseudo-deep hologram reads

H'(x,y,z) = [t(x,y)—l] 8(y—z/tana) €))

i.e. a thin transparency is rotated in the y-z plane. For a pseudo-deep hologram the Fraunhofer diffraction pattern
at b = 0 is considered as output. With the help of Eq. (5) we obtain

a(v,0) = ‘” t(x,z/tanct) exp[— i2n(pz+ vx)] dx dz (10)

Eq. (10) describes the reconstruction of a pseudo-deep hologram, where t(x,y) again is the transmission function. It
illustrates how the diffraction amplitude for p=0 depends on the two dimensional transparency and refers to the
response of a volume hologram in one lateral dimension'®.

Optical elements which are rotated with respect to the optical axis play an important role in planar-integrated free-
space optics'’. The perturbation approach provides the straightforward possibility to extend Egs. (9) and (10) to
tilted elements which are thin compared to their lateral extension, though their optical thickness cannot be
neglected. For planar optics an improved description of the optical elements is obtained and hence a more accurate
design.

4. Conclusion

We presented a perturbation description of problems in scalar diffraction theory. This approach was developed
analogous to the time-dependent perturbation theory of quantum mechanics. It is aimed to extend Kirchhoff’s
approximation to include thick diffractive optical elements. We calculated various diffraction problems including
the plane wave spectrum behind thick diffraction screens. This illustrates, that the perturbation approach allows an
unified description of these problems. The transition amplitudes in the plane wave spectrum are obtained as the
three dimensional Fourier transformation of the element. Thus, this extension of Kirchhoff’s theory can be used
without sacrificing the simplicity of Fourier optics.

The application which were discussed are only a small selection of problems which can be treated within this
framework. In addition, the perturbation approach can provide links to alternative extensions of the Kirchhoff
approximation'? or might be useful for numerical simulations. Though we only discussed objects in free space,
perturbation theory is well suited to calculate diffraction in laterally modulated media. For planar-integrated micro-
optics, the idea of embedding free-space optics into a modulated medium was proposed recently®.
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Applications of Guided-mode resonant filters to VCSELs

Robert A. Morgan, J. Allen Cox, Robert Wilke, and Carol Ford
Honeywell Technology Center, 12001 State Highway 55, Plymouth, MN 55441

Within the last 2 years Vertical Cavity Surface Emitting Lasers (VCSELs) have emerged
from the research laboratory into the commercial marketplace as the component of choice for
numerous applications, supplanting both LED and edge-emitting sources. The enormous success
of VCSELs is attributed, in part, to their premium performance, producibility, and packaging
perks. Namely, significantly lower operating currents and power dissipation at Gb/s data rates;
wafer-level batch fabrication, testing, and utilization of the existing LED and III-V manufacturing
infrastructure; more efficient coupling into fibers and simplified drive electronics.! These
attributes result directly from the laser’s inherent vertical geometry. This vertical cavity is
essentially a zero-order thin-film Fabry-Perot transmission filter, utilizing integral quarter-wave
high-reflectance (> 99%)} interference stacks referred to as distributed Bragg reflectors (DBRs). On
a parallel front, it has recently been suggested that high reflectivity possible from guided-mode
grating resonant filters (GMGRFs)2-¢ may likewise serve to construct the high-Finesse vertical
cavity, requiring minimal layers. These "resonant reflectors” may be designed to provide ultra-
narrow bandwidth filters for a selected center wavelength and polarization with =100% in-band
reflectance and ~30dB sideband suppression. These are very attractive properties for VCSELs and
offer the potential as an enabling tool for modal engineering.

Much of the complexity of commercial-grade VCSELs lies in their epitaxial structure.
Over 200 AlGaAs hetero-layers, in excess of 7 um thick, are required to construct the vertical
cavity. To obtain the low threshold currents (1-5mA), these VCSELs utilize small-volume, high-
Finesse cavities. To obtain lasing from thin, =100-A thick, active regions (typically 1 - 3 quantum
wells) very high reflectivity (> 99%) DBRs are needed. This necessitates >20 quarter-wave periods,
>2.5um thick. The gain-guided area is defined by proton bombardment through the top DBR.
Annular metal contacts are utilized to enable current injection concomitant with light
transmission.! The resulting planar structure is limited to diameters in excess of 10um (20um
typical) due in part to the lateral straggle effects of proton implantation (roughly equal to the
depth). These VCSELs operate in a single (dual polarization) longitudinal mode determined from
the Fabry-Perot resonance, but are inherently multi-transverse mode (diameter >> ). Although
this characteristic is employed to circumvent modal noise in multi-mode fiber data links, many
applications require a well-behaved modal and linear polarization mode.

Research-grade VCSELs, utilizing dielectric-apertures formed by selective oxidation of
buried high Aluminum-containing AlGaAs layer(s)S have enabled an order of magnitude reduction
in the VCSEL diameter, concomitant with a similar reduction in threshold current. These 0.1-mA
threshold current VCSELSs are especially encouraging for multi-element VCSEL array applications.
However, state-of-the-art commercial- and research-grade VCSELs both require several microns of
epi-structure growth whose optical thickness predominantly determines the emission wavelength.
Furthermore, reproducibly well-controlled single polarization and transverse mode operation
remains elusive. The unique reflectance characteristics of the recently discovered guided-mode
resonances in dielectric waveguide gratings, as detailed in {2] and [3], offer a potential solution to
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these impasses. This resonance is achieved by matching a first-order evanescent (A/n > A) grating
wavevector to a propagating waveguide mode. Since the latter depends on polarization, the
reflectance is inherently polarization-selective. The resonant wavelength is determined primarily
by the grating period and the bandwidth primarily by the modulation of grating refractive index.
Note that the lithographically-defined wavelength/polarization control may be readily exploited for
wavelength /polarization division multiplexed arrays. Furthermore, this exceptional performance
is obtained in a very thin structure, typically ~ 300 nm.

In [4], a peak reflectivity =90% at 633nm was demonstrated in a GMGRF fabricated
holographically. Here we report similar reflectivities in GMGRFs fabricated by direct-write
electron-beam lithography and dry etching. The resonant wavelength was designed to be =850
nm, amenable to VCSEL applications. A three-film multilayer waveguide design, depicted in
Figure (la), was used to facilitate imposing both the resonance condition and the out-of-band
antireflection condition.? The reflectance given in Figure (la) was simulated using a rigorous
Maxwell solver code (MAXFELM). The back surface of the fused quartz substrate was coated with
a standard broadband AR coating to minimize Fresnel reflection. The top film is sputtered SiO2
films 2 and 3 are sputtered blended oxides. The design assumed E| | polarization; i.e., the electric
field vector is parallel to the grating lines. A detailed design sensitivity analysis determined
wavelength tuning with incident angle ~7 nm/deg. 2-mm square gratings with a nominal 480nm
pitch were fabricated in the top film of the 3-layer waveguide stack to create a resonant structure.
The measured film indices were: film 1 - 1.49; film 2 - 2.106; and film 3 - 2.016.
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Figure (la) Design and simulated reflectivity. (1b) Measured reflectivity at normal incidence.

The experimental reflectance measured relative to a gold mirror reference is given in
Figure (1b). The wavevector of the incident light lay in a plane normal to the surface of the
substrate and parallel to the grating lines (8 = 0). The wavevector was inclined ¢~1.6 deg in this
plane relative to the surface normal in order to direct the beam onto a detector. The peak
reflectance of ~90% is achieved when y = O (Fig. 1b). An z10% scatter loss is attributed to
grating-line roughness which was observed in SEM photos. To vary the angle y between the
polarization vector and the grating lines, the substrate was rotated about the incident wavevector.
The GMGREF reflectance for y = 159 is given in Figure 2. As anticipated, increasing y suppresses
the reflectance of the TE resonant wavelength and a TM resonance emerges.

In order to integrate a GMGRF into a VCSEL, several significant technical challenges
must be overcome. Primary among these is the degrading effect of absorption and scatter on the
resonant reflectivity. This is illustrated by the simulation in Figure 3. Here reflectance curves
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were calculated assuming two values (0 and 10‘5) for the imaginary component of the refractive
index in all three layers of the waveguide-grating structure. In the resonant grating structure,
=5% absorption is evident, two orders of magnitude higher than for the absorption (0.05%) in the
same three AR layers sans grating. Since k=10-5 corresponds to a minimal conductivity required
to inject current through the mirror into the active region, this result demonstrates that the
GMGRF cannot serve as the solitary feedback mirror for electrically injected VCSELs.
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Figure 2 Measured reflectance for y = 159 Figure 3 Effect of absorption in a GMGREF.

As is common with most resonance phenomena, guided-mode grating resonant filters
exhibit not only extraordinary ideal performance attributes, but suffer from high sensitivity to loss
mechanisms such as scatter and absorption. The latter tempers realistic expectations for the
practical application of a GMGRF structure to electrically-injected VCSELs, particularly in terms of
surrogating the semiconductor DBR stack. In practice, unavoidable losses from both scatter and
absorption are encountered: the former from imperfections introduced during grating fabrication,
and the latter from the conductivity required for through mirror electrical injection.. With this in
mind, we propose to reduce the sensitivity to loss with a hybrid approach consisting of a resonant
reflector structure with ~ 5 periods of a conventional semiconductor DBR similar to the hybrid -
dielectric/semiconductor BBR approach described in reference [6].

There are several other issues that are expected to challenge the integration of GMGRFs
with VCSELs. The high refractive index of III-V materials leads to small grating periods; e.g., a
resonance A= 850 nm requires a 480 nm period in fused quartz, which is reduced to a period of
250 nm for GaAs. This high resolution further compounds the fabrication difficulty. Direct-write,
electron-beam lithography does not scale up easily to large volume manufacturing.. Phase mask
lithography could represent a viable alternative, but it is relatively new and untested. A thermal
stress mismatch between the dielectric and III-V materials also poses a reliability concern.
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Guided-mode resonant filters incorporating the Brewster effect
R. Magnusson, D. Shin, and Z. S. Liu

Department of Electrical Engineering, The University of Texas at Arlington, Arlington, Texas 76019
Phone : (817) 272-3474, Fax : (817) 272-2253, Email : magnusson @uta.edu

Guided-mode resonance (GMR) effects are observed in dielectric and semiconductor thin-film structures
comprising diffractive and waveguide layers'. High-efficiency resonances are realizable under zero-
order conditions imposed by a diffractive element with suitably high spatial frequency such that all
higher-order diffracted waves are evanescent. For parametric conditions such that one of these
evanescent waves couples to a (leaky) waveguide mode, a resonance occurs with associated strong power
exchange between the propagating zero-order waves. This resonance coupling effect is typically
represented as spectral (with constant angle of incidence) or angular (with constant wavelength) variation
of the diffraction efficiency of the transmitted and reflected waves. Theoretical and experimental
studies''° have illustrated the feasibility of utilizing this basic effect for numerous applications "'

Although the Brewster effect is defined for a planar interface, Brewster-like minimum reflection is still
obtainable for layered structures, in general. In this paper, we show theoretically and experimentally that
if the layer is a waveguide grating, a GMR reflection filter can be realized at Brewster incidence. Thus,
instead of the zero reflection expected for a TM-polarized wave at Brewster-angle incidence on a planar
interface in classical optics, a high-efficiency band-limited reflection occurs. Also, a desirable filter
response with a symmetrical lineshape and low-sideband reflection is shown to be obtainable using this
simple antireflection (AR) strucure in addition to generally used multilayer structures >'>**,

Figure 1 illustrates a numerically calculated (rigorous coupled-wave analysis'“) example of an angular
resonance (width of ~0.4°) occurring at the Brewster angle of 57.88° in a single-layer, asymmetric, planar
waveguide grating. It is seen that the Brewster-angle zero reflection is defeated by the GMR effect. This
is because the guided-mode resonance arises on coupling of the first evanescent diffraction order to a
leaky waveguide mode. Consequently, in contrast to the classical picture of a TM-polarized wave at a
dielectric interface, the zeroth reflected order is reradiated efficiently in the specular direction even
though the polarization vector of the incident wave in the layer is oriented along the direction of
reflection. The corresponding spectral response in Fig. 2 reveals a single resonance peak associated with
the TM, waveguide mode excited by the incident wave at Brewster incidence. Since the value of the
Brewster angle for a given structure is rather insensitive to the wavelength, such a filter exhibits low-
reflectance sidebands over extended wavelength regions.

To verify the predicted high TM reflection efficiency at the Brewster angle, a double-layer GMR filter is
designed using a photoresist coupling grating on a HfO, waveguide layer deposited on a fused-silica
substrate as indicated in Fig. 3. The grating is recorded holographically using a HeCd laser (A=442 nm)
with the grating period of 455 nm to produce a resonance with the incident continuous-wave Nd:YAG
laser beamn (A=1064 nm) at the Brewster angle of 50.2°. The Gaussian laser beam is well collimated with
~1 mm beam diameter. The measured filter response is symmetric with a 94.2% peak reflection
efficiency at = 50.2° and exhibits low sidebands of ~2% reflectance over a range of ~12°. Figure 3 also
shows a calculated curve that has been fitted to the experimental data. The nominal values of waveguide-
and photoresist film thicknesses are used but the grating period is changed from the nominal value of 455
nm to 453.2 nm to bring the theoretical and experimental peaks into coincidence. The grating is modeled
as a sinusoidal surface-relief grating which yields an excellent agreement between measured and
calculated resonance linewidths as shown in Fig. 3.
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Figure 4(a) shows the TE polarization (i. e., no Brewster effect) reflectance of the filter described in Fig.
3. The measured resonance efficiency peak reaches 80.3% at 6 = 39.6°. The theoretical response is
calculated for the parameter values that yielded the fit in Fig. 3, resulting in a ~0.5° deviation from the
measured response. Systematic small variations of the device parameters may bring both the TM and TE
data sets into agreement with theory; this is not attempted here. The small experimentally observed
undulations are due to Fabry-Perot resonances originating in the substrate. The calculated curve in Fig.
4(a) corresponds to an infinitely-thick substrate whereas Fig. 4(b) shows the effect of including the
substrate in the analytical model. The high (~10%) experimental sideband reflectance depicted in Fig.
4(a) is clearly due to the substrate quantitatively matching that of Fig. 4(b) on the average.

The experimental results in this paper pertain to layered GMR devices with spatially distinct coupling
and waveguiding layers. At resonance, the HfO, film carries most of the guided-mode power with the
evanescent-field tail of the mode interacting with the grating. Nevertheless, as illustrated in this paper, in
spite of a lack of complete overlap of the mode and the diffractive layer, high efficiencies (>90%) can be
obtained in practice. Previous research yielding comparable values of experimental resonance
efficiencies”"” employed GMR structures where the waveguide and grating were one and the same.
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Fig. 1. Angular response of a single-layer guided-mode
resonance filter for a TM polarized incident wave with
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Guided-mode resonance filters generated with genetic algorithms
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This paper focuses on the application of genetic algorithms to the study and design of reflection
and transmission filters based on the guided-mode resonance (GMR) effect in waveguide
gratings.!® As genetic algorithms are well suited for problems with multidimensional, large
search spaces4, they may be used effectively for optical filter design involving multiple periodic
and homogeneous layers. In this work, the genetic algorithm library PGAPACK’ is combined
with a forward code based on rigorous coupled-wave analysis® in a new computer program that
optimizes the merit function of a multilayer diffractive optical structure. Thus, a GMR-filter
response with a given central wavelength, linewidth and sideband levels can be specified with a
corresponding diffractive structure yielding approximately the specified response provided by the
program. The net effect of this approach is that the inverse problem o