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Figure 3. An ideal instrument frequency response. 

from the Rayleigh or Sparrow criteria. Both criteria scale 
the maximum frequency proportional to the numerical 
aperture of the objective. 

The actual spatial frequency response function of an 
instrument will have a response less than unity at the 
Rayleigh criteria. This is analogous to the modulation trans
fer function for a lens. The contrast of a line pattern is 
reduced from unity near the Rayleigh limit as well. One can 
use either an instrument response or the modulation trans
fer function to describe the frequency response. Both are 
found by taking the Fourier transform of the impulse re
sponse function. 

Another high frequency limit is imposed by requiring 
that aliasing does not affect the recorded data. Aliasing 
occurs if frequencies higher than the Nyquist frequency 
(equal to 1/2 the sampling frequency) are allowed to pass 
into the frequency response of the instrument. Aliasing in 
any digitally sampled instrument is a problem because 
information above the Nyquist frequency can fold into the 
data and results in improper information in the spectrum.5 

Figure 3 shows the Nyquist frequency above the maximum 
instrument frequency response for an ideal instrument. 
Typically, instruments remove the aliasing problem by 
setting the maximum frequency response to be less than 
the Nyquist frequency. In some special cases, aliasing 
is removed from the data by a process of inverse 
filtering. 9 However, the inverse filtering approach must 
include assumptions about the frequency content of 
the actual surface. 

Power spectrum 
I have discussed the frequency response of surface profile 
instruments. How can this information be used to quantify 
the roughness, or finish, of an optic? The standard method 
has been to measure the surface profile and calculate the 
RMS roughness. A one number description has a disadvan
tage in that the frequency spectrum of the data is not 
displayed. An alternate method of defining the quality of a 

surface is by the power spectrum. The power spectrum is 
calculated from the roughness data and is proportional to 
the square of the Fourier transform. A power spectrum 
standard for surface roughness has been proposed. 1 0 

The frequency response characteristics of a surface mea
suring instrument are important in quantifying the perfor
mance of an optical surface. Further information can be 
found in the references listed below. 
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The making of 

binary 

optics 
By Michael W. Farn, Margaret B. Stern, 
and Wilfrid Veldkamp 

I n a development that parallels the evolution of single 
transistors to integrated circuits to microprocessors, 
binary optics is the enabling technology in the transi
tion from macroscopic optics to arrayed micro-optics 

to integration of optical subassemblies with built-in pro-
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cessing functions. Binary optics is a broad 
based diffractive optics technology that 
uses lithography and micromachining to 
create novel optical devices and to pro
vide design freedom and new materials 
choices for conventional optical designs. 
It piggybacks on advanced VLSI (very 
large scale integration) fabrication tech
nology and is complemented by comput
erized optical design procedures. 

Already, binary optics can cut in half 
the number of elements in complex con
ventional optical designs. The miniatur
ization and arraying made possible by 
binary optics has led to more efficient 
detector arrays, smaller CD heads, and 
better coupling of both semiconductor 
lasers and optical fibers. The further development of binary 
optics will make possible the increased use of "integral 
optics," in which miniature optical trains are locked to
gether like Lego blocks, permitting the computerized as
sembly of systems and virtually eliminating alignment re
quirements. The technology also offers a great potential for 
low-cost mass replication through embossing, molding, 
and similar processes. 

Fabrication issues 
Conventional optics relies on the mechanical polishing of a 
surface to a desired profile. Binary optics relies on VLSI 
fabrication techniques to micromachine a surface to a 
desired profile. The desired surface profile, calculated by 
the optical designer, determines the photolithographic 
masks to be used in fabrication. These binary masks are 
copied into photoresist and then transferred to the optical 
element via etching, creating the desired surface profile. A 
single etching step produces a two-level surface relief 
structure (first column of Figure 1), while multiple etching 
steps can approximate continuous surface reliefs. 

While VLSI's goal is electrical functionality, the goal of 
binary optics is to micromachine a surface to optical qual
ity. As a result, although they use similar fabrication pro
cesses, the two technologies sometimes have different 
fabrication requirements. For example, a single local defect 
in a VLSI circuit can destroy the entire chip functionality, 
while a local defect in a binary optics element acts like a 
scratch on a lens. The performance will be degraded, but 
the element will still function. As another example, the 
binary-coded mask sets used in binary optics result in 
tighter alignment tolerances than required for VLSI and 
much deeper anisotropic etching is required to 
micromachine the required surface profiles. 

For the most part, however, binary optics has been able 
to piggyback on developments in the VLSI industry, since 
both technologies have in common the quest for smaller 
feature sizes and greater process control. Lithography is 
one major consideration. Current optical methods will 
shrink feature sizes down to perhaps 0.15 µm, but, to realize 
nanometer features, there must be a shift to x-ray, electron-
beam, or ion-beam lithography. In addition, shrinking fea
ture sizes and changing technologies will also make masks 
more difficult to fabricate and more difficult to align— 
another issue. Etching is an additional consideration. Not 
only are there competing etching techniques (e.g., reactive ion 
etching and ion milling), but future advances will also require 
better etch depth control, perhaps by in situ monitoring. 

Ultimately, for both binary optics and VLSI, these fabrica
tion issues limit the development of the technology. As 
fabrication improves, more and better elements are pos
sible. A quick glance at the development of binary optics 
will show this to be the case. 

Binary optics evolution 
The first generation of binary optics focused on individual 
elements used for minor wavefront correction. Typical 
applications were the residual aberration correction of 
refractive systems and the generation of wavefronts for 
testing refractive aspheric elements. Early lenses were 
limited to either long wavelengths or large F/#. 

As a result of the low optical power and/or long wave
lengths involved, early binary optics elements had large 
features. For example, an F/12,3-mask (95% efficient) lens 
designed for use at 10 µm would have a minimum feature 
size of 30 µm. These large features relaxed tolerances on 
both mask alignment and mask-making. The circular sym
metry of many early mask sets further simplified mask 

Figure 1. Binary optics fabrication 
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Figure 2.96X64 array of 51X61 µm microlenses, fabricated in CdTe 

alignment, since misalignments produced easily observed 
moire patterns. 

As the technology progressed, however, projects be
came more complex. The second generation of binary 
optics focused on micro-optics and arrays of micro-optics. 
One area of great interest was microlens arrays (see Figure 
2). These were used in applications such as increasing the 
fill factor of photodetector arrays, agile beam steering, and 
coherently coupling laser diodes. Advances in other fields 
also led to new applications such as optical heads for 
compact disc players, "motheye" anti-reflection coatings, 
bifocal intra-ocular lenses, and components for optical 
computers. 

Fabrication-wise, these new projects created tighter fab
rication tolerances and more complicated mask sets. Cur
rent elements have feature sizes of 0.5 µm (the limit of 
commercial mask-making capabilities). The introduction of 
arrays also created stricter alignment tolerances. For the 
most part, however, the enhancement of existing tech
niques allowed binary optics to reach this level of fabrica
tion. The improvement of alignment marks and verniers 
pushed mask alignment to below the 0.1 µm level. Improved 
process design and process control resulted in better etch 
depth control. In addition, the interfacing of CAD layout 
systems with optical design software sped up the design 
process. 

The challenges ahead 
What does the future hold for the third generation of binary 
optics? If the past is any indicator, future applications will 

continue to be driven by fabrication capa
bilities. In fabrication, we anticipate four 
trends: 

• Feature sizes will continue to shrink. 
The eventual shift to x-ray, electron-beam, 
or ion-beam lithography would shrink fea
tures to the 10 nm level, opening up a vast 
new opportunity—the design of sub-wave
length structures for the visible. 

• VLSI fabrication techniques will incor
porate three-dimensional and wafer scale 
integration, such as multi-level stacked wa
fers, double-sided wafers, and the like. Since 
binary optics is inherently three-dimen
sional, it fits naturally into this trend. A 
double-sided wafer could contain 
microlenses on one side and photodetec
tors on the other, resulting in a self-aligned 

integrated package. 

• CAD packages will continue to improve, further acceler
ating the design process and eventually allowing the inte
gration of electronics and binary optics. 

• Improvement in non-VLSI technologies will lead to inex
pensive replication. A master can be fabricated by VLSI 
techniques and then replicated by a more cost-effective 
method, such as stamping or molding. 

Binary optics is playing a large role in the transition from 
macroscopic optics to "integral optics." However, analo
gous to the electronic evolution from transistor to micro
processor building block, advances will in large part be 
limited by fabrication capabilities. As fabrication improves, 
the field will develop further, current applications will 
improve, and new applications will be found. 
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