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The first diffractive optical element was per
haps the Fresnel zone plate used by Lord 
Rayleigh in 1871.1 The zone plate func
tions like a lens that has an infinite set of 
foci with each focus position containing a 
certain fraction of the incident energy. 
Unfortunately, the principal focus contains 
only about 10% of the total energy with 
the remainder distributed among the other 
diffracted orders. It is primarily this prop

erty of the Fresnel zone plate that gives rise to its rela
tively poor imaging performance. While the potential 
advantages of a planar lens element were well under
stood in the latter portion of the last century, the fact 
that the diffraction efficiency was so low in any given 
order inhibited any widespread use. 

In 1898, Wood2 fabricated the phase Fresnel zone 
plate (or phase-reversal zone plate) that captured a 
remarkable 40% of light energy in the principal focus. 
This type of phase zone plate is constructed by replac
ing opaque regions with a transparent material of a cer
tain optical thickness. While diffraction efficiency was 
improved substantially, there was still a large back
ground signal that tended to reduce image contrast. 

In the 1950s and the early 1960s, several researchers 
considered blazing the zone plate to increase the 
amount of energy that propagates in a particular dif
fracted order. Within the scalar approximation, it is 
possible to achieve a diffraction efficiency of 100% in a 
given focus through the use of a blazed phase Fresnel 
lens. Unfortunately, optics manufacturing technology 
of the time was not up to the challenge of producing 
these blazed elements in any significant quantities. 

In the late 1960s, Lesem, Hirsch, and Jordan3 devel
oped the kinoform. During this period, several fabri
cation techniques started showing promise and a 
surge of interest in surface-relief diffractive optics 
began. In particular, a method to create the surface 
profile based on a set of binary photolithographic 
masks was developed in 1972.4 However, diffractive 
optics really came of age with the excellent body of 
work that was performed at the MIT Lincoln 
Laboratory in the 1980s,5 when the term binary optics 
received great attention. This work made possible the 
manufacture of phase Fresnel lenses with a diffraction 
efficiency that approached 100%. The list of potential 
application areas for diffractive optical elements grew 
substantially with the ability to fabricate high-quality, 
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high-efficiency master elements and to manufacture 
replicas at low cost. 

Properties of diffractive lenses 
Blazed phase Fresnel lenses (e.g., surface-relief diffrac
tive lenses) have a number of interesting physical prop
erties. The zone spacing of a diffractive lens can be cho
sen to impart focusing power as well as aspheric correc
tion terms to the emerging wavefront. In general, the 
surface (or blaze) profile within a given zone deter
mines the diffraction efficiency of the element, or in 
other words, determines how the incident energy is dis
tributed among the various diffraction orders. 

A fundamental property of a diffractive lens is that it 
operates on the basis of interference and diffraction. As 
a result, the spectral properties of a diffractive lens are 
quite different than those of a conventional refractive 
lens. In fact, the optical power of a diffractive lens varies 
linearly with the illumination wavelength, i.e., Φ ( λ ) = 
λ / [ λ 0 F ( λ 0 ) ] . The dis
persion of a diffrac
tive lens is roughly 
seven t imes larger 
than the strongest 
flint glass currently 
avai lable, and is 
opposite in sign (i.e., 
the Abbe v -number 
is - 3 . 4 5 ) . In the 
design of broadband 
optical systems, dif
fractive lenses with 
the p r o p e r op t ica l 
power can be used to 
replace refract ive 
lenses in the system. 
T h i s subst i tu t ion 
generally provides a 
significant reduction 
in the weight and 
n u m b e r o f op t ica l 
elements required to 
achieve a speci f ied 
level of performance. 

It is important to 
note that a "phase 
Fresnel lens" is not a 
"Fresnel lens." The terminology is most unfortunate. A 
Fresnel lens typically consists of concentric annular 
rings that act like an array of prisms. With a Fresnel 
lens, the focal region is constructed by an incoherent 
sum of the contributions from the various prism rings, 
and the size of the focal spot is determined by the width 
of the individual prism facets. For the case of the phase 
Fresnel lens, the focal spot results from a coherent sum 
of zone contributions. The diffraction-limited spot size 
is determined by the entire lens aperture and not by the 
width of an individual zone. A close look at a Fresnel 
lens with its relatively large features and a phase Fresnel 
lens further reveals the fundamental differences. 

The basic structure of a diffractive lens is illustrated 

in Figure 1. Fig. 1(a) shows a portion of a conventional 
refractive lens. By removing the multiple 2π phase delays 
from the refractive lens, one obtains a diffractive lens, as 
shown in Fig. 1(b). The blaze profile within each zone of 
the diffractive lens provides for constructive interference 
at the focal plane for the design wavelength λ 0 (i.e., the 
wavelength which experiences a 2π phase delay at each 
zone boundary). Figs. 1(c) and 1(d) illustrate different 
approximations to the desired blaze profile in Fig. 1(b). 
The blaze profile shown in Fig. 1(b) can be produced 
using, for example, laser pattern generation or single-
point diamond turning. The discrete-step blaze profile 
shown in Fig. 1(d) can be produced using an N-step 
photol i thographic process, in which N denotes the 
number of photomasks that are used (the number of 
phase steps per zone is equal to 2 N ) . The zone radii, rj, 
are obtained by solving the following equation: Φ(r j) = 
2πj = S1rj

2 + s 2 r j

4 + s 3 r j

6 + . . . , where Φ(r) represents the 
desired phase of the wavefront transformation from the 
element at radius r from the optical axis. The phase 

coef f ic ient s 1 deter
mines the opt ical (or 
focusing) power of the 
e lement . T h e phase 
coefficients s 2 , s3, etc. 
determine the aspheric 
c o n t r i b u t i o n s to the 
wavefront. In a given 
application, the phase 
coefficients can be opti
mized using commer
cial l ens-des ign soft
ware. 

F o r most a p p l i c a 
t ions, the opt ica l de
signer in i t i a l l y as
sumes that all incident 
energy propagates in 
one particular diffrac
t ion order. Whi le this 
may be a last ing as
s u m p t i o n in cer ta in 
cases, most o f ten , a 
range of active diffrac
tion orders are evaluat
ed to determine their 
collective effect on the 

imaging performance of the optical system design. In 
particular, when diffractive optical elements are used in 
systems that operate in broadband light, the wavelength 
dependence o f the d i f f rac t ion eff ic iency must be 
included in the analysis. As described earlier, the dif
fractive lens has a blaze profile where the height corre
sponds to a particular design wavelength. Illumination 
wavelengths other than the design wavelength experi
ence a different phase delay at the surface. This results 
in less than perfect constructive interference in the focal 
plane for the design diffracted order. The light that does 
not propagate in the design order at any wavelength 
tends to cause a reduction in the contrast at the image 
plane. While nearly all of the available computer codes 

Figure 1. Diffractive lens construction: a) refractive lens; b) diffractive 
lens with continuous blaze profile; c) phase Fresnel zone plate (Wood 
lens); d) four-level approximation to the surface profile represented in (b). 
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allow for the design and optimization of diffractive sur
faces, with few exceptions the evaluation of the effects 
of nonunity diffraction efficiency are not yet properly 
addressed. 

Diffractive lenses have another intriguing property: 
they can be optimized for high efficiency in a single dif
fracted order or multiple diffracted orders. An interest
ing example is a multi-order diffractive lens that differs 
from the standard (i.e., first-order blaze) diffractive lens 
described earlier. In this lens, the phase delay at the 
zone boundaries is taken to be a multiple of 2π (i.e., 
φ(r j) = 2πp), where p is an integer >2, and the location 
of the zone radii are obtained by solving the equation 
φ(r j) = 2πpj, where again φ(r) represents the phase 
function. While a diffractive lens with a maximum 
phase modulation of 2π can allow a mutual focus for 
simple harmonics of the design wavelength, the para
meter p now offers a mechanism to control specific 
wavelengths in a given band or bands that will come to 
a fixed focus with high diffraction efficiency (i.e., 
approaching the ideal 100% within the scalar approxi
mation). This property allows the design of achromats 
and apochromats using a single diffractive lens. 6 

Furthermore, in some cases, multi-order diffractive 
lenses may be easier to fabricate than lenses designed 
for first-order diffraction. 

Diffractive lenses also have thermal characteristics 
that distinguish them from conventional refractive lens
es. It has been shown7 that the opto-thermal coefficient 
of a diffractive lens does not depend on the change in 

refractive index of the lens material with temperature. 
This property of diffractive lenses has been used to help 
athermalize optical systems consisting of both diffrac
tive and refractive components. 

Fabrication methods 
Master diffractive optical elements are typically fabri
cated using a mechanical process such as single-point 
diamond turning or some form of photolithographic 
process. Diamond turning processes have advanced to 
the point where submicron zones are achievable and, in 
many cases of practical interest, diffraction efficiencies 
of 99% are obtained in the visible region in replicated 
and molded components. 

There are several methods based on a photolitho
graphic approach and they include holography (i.e., 
interference-based recording methods), microlitho
graphic mask-and-etch fabrication, and direct write 
methods. Holographic methods rely on the ability to 
generate the object and reference beam to produce an 
interference pattern. For the case of a simple linear 
grating, the generation of the fringe pattern is straight
forward using two mutually coherent plane waves. To 
produce a complicated aspheric phase transformation, 
beams that have a general two-dimensional character 
are required and are usually difficult to realize. 

For microlithographic (or binary optics) manufac
ture, a set of binary amplitude photomasks is created 
using the mathematical description of a particular lens 
design. The complete set of masks is applied in a 
detailed cleanroom process to approximate the ideal 
phase profile of the computer generated diffractive ele
ment. Essentially, the masks are used in sequence to 
help transfer the appropriate phase profile into a suit
able substrate material. The relative alignment of the 
masks in the process tends to limit the performance of 
the finished component, but extremely high-quality 
optics continue to be fabricated using this method. 

Another photolithographic approach is based on 
laser pattern generation to create accurate master ele
ments in photoresist. Two geometries of laser pattern 
generation are available: x-y, where the substrate is 
moved on a Cartesian plane, and r-θ, where the sub
strate is spun on an air-bearing spindle. RPC's latest 
mastering machine uses rotational symmetry to write 
elements as large as ten inches in diameter. The master 
blank, which is coated with a photosensitive material, is 
scanned by a focused laser beam from a helium-cadmi
um laser. The laser intensity is modulated as required 
by the optical design and the beam exposes the photo
sensitive layer to produce a continuous surface-relief 
pattern. The writing objective for this system has a 
numerical aperture of 0.9 and can provide for 0.5 μm 
features across the full 125-mm spindle radius. The 
machine hardware and its environment are subject to 
closed-loop control to maintain feature placement 
accuracy in the parts per million range. Design data 
that describes the diffractive lens is transferred to the 
machine controller electronically. This interface is gen
eral and the design data can originate from any optical 
design code. The blazed surface profile that is created in 

Glossary 
Achromats and apochromats: Each is a class of lens that allows for high 
performance imaging in broadband illumination. 

Binary optics: A class of surface-relief diffractive optical elements that is 
characterized by a fabrication process akin to that used in the production of 
integrated circuits. Using this process, the ideal phase profile of the diffractive 
lens is achieved using a staircase type approximation that is implemented with 
binary lithographic masks. 

Blaze: A term used to describe the tailoring of the surface-height profile of a 
diffraction grating or diffractive lens to concentrate the incident energy in a 
specified diffraction order or orders. 

Diffraction efficiency: Diffractive optics are typically blazed to maximize the 
amount of light that propagates in a particular diffraction order or orders. 
Diffraction efficiency is a measure of the energy in a given order relative to 
some baseline (e.g. energy contained in the incident illumination). 

Hybrid optics: A term often used to describe an optical element that consists 
of at least one refractive surface and one diffractive surface. 

Kinoform: A phase-only optical element in which the phase modulation is 
introduced by a surface relief profile that is typically characterized by a discon
tinuous height function. While there is no standard definition or translation of 
the word kinoform, these optical elements are used as lenses and other 
beamshaping devices. 

Subwavelength structured (SWS) surfaces: A surface-relief optical element 
that has characteristic features that are small compared to the illumination 
wavelength. This type of surface structure can be used to decrease surface 
reflections and for polarization control. Extremely narrowband optical filters are 
also possible using SWS surfaces. 
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the photoresist can be transferred into the substrate 
using a dry etch process or it can be used to create mul
tiple high-fidelity replicas. The substrate material can 
be glass, metal, plastic or metal-on-glass; it is chosen 
depending on the subsequent use of the master. The 
diffraction efficiency that can be obtained with laser 
pattern generation depends on the f/# of the lens but 
can be 95% or greater for a range of useful products. It 
is important to note that other direct-write methods 
based on electron beam lithography exist and are useful 
for some applications. 

There are other issues associated with 
the manufacture of diffractive optics. For 
example, while diffractive lenses can be 
coated to reduce reflections and to 
increase the durability of the surface, low-
cost cleaning processes for diffractive 
optical elements are relatively underdevel
oped. Also, centering a replicated diffrac
tive lens to form a refractive/diffractive 
hybrid is somewhat more difficult 
because the diffractive surface is not self-
centering. In addition, replicas and injec
tion molded components for use in the 
visible region are typically produced 
using a polymer as the optical material. 
Applications using these components 
constructed of plastic materials are limit
ed in environmental and spectral range. 
Fortunately, manufacturing methods 
based on reactive-ion etching of thermal
ly and mechanically stable materials (e.g., 
fused silica) exist and can be used to 
increase the range of application areas. 

In general, production testing proce
dures for diffractive lenses are only slightly 
different than those used to test conven
tional optical elements. However, addi
tional tools based on surface profilometry 
and diffraction efficiency are used in the 
production process to ensure that the sur
face conforms to specification. Depending 
on the particular requirements, systems 
that incorporate diffractive lenses can be 
tested using traditional interferometry, 
modulation transfer function, or some 
form of visual analysis. 

Applications and future developments 
The unique properties of diffractive lens
es have really driven the required manu
facturing processes. Recall that diffractive 
lenses have several novel characteristics 
that include large ("negative") dispersion, 
no contribution to the Petzval sum, gen
eral anamorphic/aspheric function, 
unique optothermal coefficient, and are 
thin by nature. We have traditionally seg
mented the diffractive optics market into 
three components: consumer products, 
industrial products, and government sys

tems. Each of these market segments makes use of dif
fractive optical elements as lenses, engineered diffusers, 
subwavelength structured (SWS) surfaces, and other 
beamshaping elements. Furthermore, manufacturing 
processes have been developed to service the spectral 
bands ranging from the ultraviolet through the long
wave infrared. 

Successful demonstrations of diffractive optics have 
occurred in many areas: high-density microlens arrays 
for laser diodes, wavefront sensors, flat-panel 
displays and beam steering; Continued on page 39 
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CORONA spinoffs 
Occasionally technology from a classified program like 
CORONA could be adapted quite directly to an unclas
sified system. One example is the compact "optical bar" 
form of panoramic camera which had been flown in 
some classified aircraft applications including the SR-71 
or Blackbird, successor to the U2. The lens and slit 
assembly rotated continuously about the flight direc
tion axis and the entire assembly could be alternately 
tipped fore and aft to obtain stereo coverage. Since the 
lens then scanned about a point substantially separated 
from the second nodal point it became necessary to 
move the film during the exposure in synchronism with 
the moving image. 

A version of this flew in Apollo 15,16, and 17, pho
tographing 15% of the lunar surface at 1 to 2 m resolu
tion in each mission from an average altitude of 70 
miles. Lunar photographs and details about the camera 
and its performance can be found in a 1971 article in 
Aviation Week.6 Some optical bar cameras are still in 
use. For example, there will be an Itek optical bar cam
era in the nose of the recently reactivated SR-71 high 
altitude reconnaissance plane. 

Epilogue 
C O R O N A photography quickly led to a dramatic 
reduction in the then best intelligence estimate avail
abel in the late 1950s and 1960s. In particular, the "mis
sile gap" or perceived shortfall of American interconti
nental ballistic missiles compared to the Soviets was 
convincingly demonstrated a myth, providing a timely 
and badly needed basis for rational U.S. planning. Later 

in the CORONA program, a complete inventory of 
Soviet military hardware, including submarines, was 
accumulated. According to those involved with intelli
gence at the time, the negotiation of the SALT I strate
gic arms limitation treaty beginning in 1970 simply 
could not have been undertaken without this knowl
edge base and the confidence that it would be possible 
to monitor compliance. 

The CORONA program pushed the limits of then 
state-of-the-art design and manufacture. It also provid
ed the U.S. with important intelligence data in the arms 
race. 
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multifocal intraocular lenses; null correctors for opti
cal testing; lightweight eyepieces for virtual reality; UV 
beam shaping and achromatization of optical systems. 
Other areas for commercial application of diffractive 
optics technology include optical communications, 
laser machining, biomedical sensor optics and projec
tion display technology. Military application areas 
include infrared seekers, night vision optics, compact 
acousto-optic spectrum analyzers, compact zoom sys
tems, and lightweight color-corrected head-mounted 
displays. 

Cost-effective manufacturing methods for high-
efficiency diffractive optical elements have been devel
oped and are now available from several sources. While 
the tooling and other non-recurring costs for diffrac
tive optics have dropped significantly in the last year or 
two, these costs are currently higher than those for 
conventional optics. The unit cost of high-quality dif
fractive elements is quite competitive and will continue 
to decrease with specific advances in automation and 
metrology techniques. Efficient manufacturing 
processes for optical components based on SWS sur

faces are under intense development and will begin to 
give rise to novel filters and waveplates very soon. The 
field of micro-optics will continue to benefit from the 
manufacturing technologies used to produce diffractive 
structures. From large-aperture optics etched in fused 
silica to extremely low-cost elements molded in optical 
plastics, diffractive optics technology has matured to 
the point where it is an important tool in the optical 
designer's toolkit. 
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