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B inary optics uses computer-aided design (CAD) tools 
and very-large-scale-integration (VLSI) electronic cir

cuit manufacturing technology to create novel optical de
vices and to provide design freedom and new materials 
choices for refractive optical elements. 

With conventional optics, we polish a surface to the de
sired profile. With binary optics, we use high-resolution 
lithography (the design and replication process used in 
electronic circuit fabrication) to transfer a binary surface 
relief pattern to the optical element, and we etch this pat
tern into a surface using ion-beam etchers. 

A single etching step produces a two-level surface, thus 
the term "binary optics." The etching process can be re
peated with different etch depths to produce multi-level 
optical elements. A binary coded set of lithographic masks 
can double the number of phase levels with each etching 
step. For example, four etching steps result in a 16-level 
element with a diffraction efficiency better than 99%. The 
etch profile approximates a continuous phase surface and 
it can be used to significantly improve the performance of 
spherical lenses. 

CAD software converts conventional ray-trace designs 
to lithographic patterns that reduce spherical, chromatic, 
and astigmatic aberrations. Lithography and ion-etching, 
therefore, replace an aspheric polishing technology and 
can escape many materials constraints of refractive optics. 
Diffractive patterns can also replace dielectric anti-reflec
tive coating layers. 

Researchs at MIT/Lincoln Laboratory developed this 
technology over 10 years, have applied binary patterns to 
spherical lenses, and have introduced new design parame
ters for color and spherical aberration corrections without 
the energy losses normally associated with diffractive op
tics. They have significantly reduced these aberrations in 
infrared camera lenses and have created lenses with im
proved performances, Some performance characteristics 
of binary optics corrected lenses for various materials and 
wavebands are shown in the figure. 

The goal of the Binary Optics Program established by 
the Defense Advanced Research Projects Agency (DARPA) 

is to develop an optics technology based on circuit fabrica
tion techniques and to promote the computer-aided design 
of light-weight, low-cost electro-optical systems. Immedi
ate DOD applications of binary optics are in 1) narrow 
band infrared systems requiring highly aspheric elements, 
2) mid-infrared systems for color correction and tempera
ture compensation, 3) deep UV applications, (diffraction-
limited lenses with bandwidths a thousand times wider 
than those of conventional refractive elements have been 
fabricated), and 4) broadband anti-reflective coatings on 
germanium infrared elements. 

Many potential applications for exploiting the unique 
properties of binary optics are in the area of arrays and 
micro-fine optics. The Lincoln group has fabricated lenslet 
arrays of 20,000 lenses/cm2 with speeds of F/1 and with λ/ 
50 wavefront quality. They use arrays of these lenslets 
(each the size of a human hair) in 1) systems that coherent-
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Binary optics correction of typical lenses. 

ly add the power of laser diode arrays (modular laser pow
er), 2) beam steering or wavefront manipulation, and 3) 
opto-electronic integration of imager focal planes. 

Thus far, work has concentrated on the technology in
volved in designing and producing individual elements for 
systems. The vast potential of binary optics to spawn new 
products and industries will materialize only as industrial 
expertise develops, system designers become familiar with 
its cost, weight, and design benefits, and manufacturers 
put it in, production through replication, embossing, and 
forging or molding from a single master element. 
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Holographic optical elements are of fundamental im
portance to a number of applications in optical in

formation processing and computing, including optical in
terconnections, content-addressable memories, and vari
ous linear and nonlinear signal processing configurations. 
Numerical analyses of typical volume holographic struc
tures are critical for characterizing and optimizing such 
optical elements. One of the most flexible and broadly ap
plicable tools for studying the diffraction behavior of vol
ume holograms is the optical beam propagation method 
(BPM). 1 , 2 In this method, the distributed optical inhomo
geneities that characterize a typical hologram are approxi
mated by a discrete sequence of physically and mathemati
cally simplified elements: infinitesimally thin phase and/or 
polarization modulation layers, interleaved with optically 

homogeneous layers of finite thickness. By approximating 
the distributed grating with a sufficiently large number of 
these discrete elements, the resulting numerical model of 
the grating can be brought arbitrarily close to that of the 
desired distributed bulk grating. 

The B P M concept of separating the modulation process 
from the diffraction process in turn suggests a new class of 
optical devices: the stratified volume holographic optical 
element, or S V H O E 3 , 4 (see figure). The S V H O E device 
structure consists of a sequence of thin photosensitive ho
lographic recording layers that perform the optical modu
lation function, interleaved with optically passive buffer 
layers, i.e., layers that impress no modulation on the light 
beam but rather allow the diffraction processes necessary 
for thick grating response to occur. A grating recorded in 
any individual modulation layer would necessarily exhibit 
Raman-Nath characteristics because each recording layer 
is quite thin. But for a given angular interval, the incorpo
ration of a sufficiently large number of thin gratings leads 
to a structure with an angular alignment sensitivity that is 
indistinguishable from that of the bulk grating. Thus, an 
S V H O E structure can closely emulate the Bragg response 
of a bulk grating, using surprisingly few thin grating lay
ers. 

In addition, this structure exhibits features not found in 
bulk gratings that may prove useful for certain system ap
plications. For example, illumination of an S V H O E struc
ture with focused monochromatic light produces uniform
ly spaced angular response peaks, which can be trans
formed with a lens to produce an array of equally spaced 
points. This function is useful for interconnection of opti
cal cellular logic arrays. For example, illumination with 
850 nm light of a two grating S V H O E with a grating sepa
ration of 1 cm and a grating spatial frequency of 350 cy
cles/mm at F/3.3 will produce in excess of 1000 regularly 
spaced diffracted beams. The occurrence of multiple (peri
odic) peaks in the angular response profile can be applied 
to angular encoding applications, in which a two grating 
S V H O E mounted on the part to be tracked can be probed 
by a single beam to allow coarse angular measurement by 
peak counting, and fine angular measurement by interpo
lation. Highly selective wavelength notch filtering can also 
be accomplished in S V H O E structures by appropriate 
choice of buffer layer thickness and grating spatial fre
quency.5 

Further, for real-time material implementations of 
S V H O E structures in which the photoresponse for grating 
formation can be either optically or electrically switched 
on a layer-by-layer basis, a structure with a given number 
of layers can interconnect either every element or every 
pth element with the source, in a programmable manner. 
For example, such layer-by-layer programmability may 
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