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S cience, commerce, and defense
continuously drive the optical
community to provide less expen-

sive, more perfect products. High-per-
formance optical systems demand in-
creasingly tighter tolerances, and tighter
tolerances drive the need for ever better
metrology. Aspheric optics, shorter wave-
lengths, and resonant systems all enable
high performance: they also make the
metrologist’s life more difficult. Two of
the recent drivers of tighter optical toler-
ances have been extreme ultraviolet li-
thography (EUVL) and the Laser Interfer-
ometric Gravitational Wave Observatory
(LIGO).

Lithography is frequently seen as the
technology driving the development of
advanced optics. To keep pace with
Moore’s Law, which states that the com-
plexity of integrated circuits doubles with
every new generation, it is necessary to
print ever smaller features with larger
fields of view. Advances in sources, design,
materials, and fabrication have kept  trans-
missive optical lithography alive; ever de-
creasing illumination wavelength has been
one way of enabling smaller features, with
a final generation now envisioned using
157 nm wavelength light.1 A catadioptric
system for 157 nm with calcium fluoride

refractive elements and a 2 mm field has
been developed by Tropel2 for photoresist
and process development; scanners with
25 x 32 mm fields need to be in pre-pro-
duction by 2002 to meet roadmap fore-
casts for the 100 nm (DRAM half pitch)
node. Post-optical lithographies being de-
veloped include EUVL,3 which itself poses
substantial metrology challenges because
of the need for sub-nm figure errors on
off-axis aspheric optics and multilayer
coatings to reflect at 13 nm wavelength.

Optical physicists have long used reso-
nant systems, such as Fabry-Perot interfer-
ometers, as a route to improving sensitivi-
ty. LIGO may be said to raise this approach
to a new level: the 4-km-long resonant
arms within a Michelson interferometer4

can be seen as either a basic test of general
relativity or a new kind of astronomical
observatory. First light,5 indeed first
fringes,6 have been seen and commission-
ing experiments continue as the project
team works toward their target sensitivity
of mirror displacements as small as 10-18 m.
The operating wavelength is greater than a
micrometer, but the need for high-Q reso-
nant power build-up drove optical toler-
ances on the input and end mirrors down
to the nanometer root mean square (rms)
range.

Short-wavelength applications
There are a variety of reasons to push im-
aging to ultraviolet wavelengths. The most
obvious is the Rayleigh criterion that states
that the resolution of a system is directly
proportional to the wavelength. Thus,
with perfect optics, an imaging system
working at a wavelength of 50 nm would
have an order of magnitude better resolu-
tion than one working with visible light.
Equally important for scientific applica-
tions are properties of materials that are
manifest at EUV wavelengths. For exam-
ple, elements have certain characteristic
emission lines that allow plasma physicists
to measure temperatures in tokomaks or
to image the sun at different temperatures.

Short-wavelength imaging requires
special consideration in both optical de-
sign and metrology. At wavelengths below
about 100 nm, all materials are absorbing;
thus, conventional lens designs—and even
UV lens materials like CaF

2
or MgF

2
—

cannot be used. Moreover, beyond about
30 nm, natural materials do not reflect at
normal incidence, so grazing-incidence re-
flections or multilayer stacks must be
used. It is very difficult to use grazing-in-
cidence optics for imaging because of the
complex shapes imaging requires and also
because the small collection angles lead to
a tradeoff between collection efficiency
and optical fabrication capabilities. De-
spite these complications, many successful
grazing-incidence imaging systems have
been realized, most recently the Chandra
X-ray Observatory, formerly known as the
Advanced X-ray Astronomical Facility, or
AXAF.7

In 1971, Spiller demonstrated that lay-
ered structures made from absorbing me-
dia could reflect with greater efficiency
than had previously been thought.8 At the
time, however, it was considered impracti-
cal to extend coating technology from the

Figure 1. Reflectivity of three EUV quadrants of the
TRACE telescope: blue is the 17.1 nm band, green is
the 19.1 nm band, and red is the 28.4 nm band.



form rain of particles, the deposited thick-
ness  varies as the cosine of the surface an-
gle. This leads to the need to use masked
depositions to attain the appropriate
thickness profile. Phase shifts must also be
taken into account for diffraction-limited
imaging, and this leads to very stringent
requirements on period control. For ex-
ample, for the EUVL Engineering Test
Stand, the thickness must be controlled to
within +/- 0.4% to keep phase errors un-
der control.9

EUV reflectometry
The advent of EUV lithography in the late
1980s meant that new EUV metrology ca-
pabilities were needed. Soon after the
EUVL effort got underway at AT&T, NIST
began a program to develop the first dedi-
cated EUV reflectometry facility in the na-
tion. Work was initially done on an exist-
ing facility modified for the purpose, and a
new beamline was also designed and con-

structed on the NIST Synchrotron Ultra-
violet Radiation Facility (SURF II). SURF
II was a particularly good light source for
measurement of EUVL optics because of
the 284 MeV operating energy and 0.84 m
bending radius, which led to a peak output
wavelength of 17 nm.This is very close to
the 13 nm EUVL wavelength, and, more
importantly, the output drops quickly be-
low about 8 nm, leading to a very small
contribution of higher grating orders.
SURF has since been upgraded to SURF
III, with operating energies up to 380
MeV, corresponding to peak wavelengths
of 6.5 nm.

Multilayers are currently used at nor-
mal incidence in the wavelength range
from about 3 nm to 40 nm. Since the re-
flectivity peaks are a few percent of the
wavelength, the monochromator was de-
signed to have high throughput with mod-
est resolution.10 The design used a plane,
varied-line-spacing grating with two
toroidal focusing mirrors and a plane-
scanning mirror. The proximity of the first
mirror to the electron beam allows us to
collect 20 mrad in the horizontal direction
and virtually all of the vertical spread of
the radiation. Thin-film filters are used 
to reduce out-of-band radiation. The
throughput at 13 nm is 109 photons s-1

mA-1 (at 300 MeV, typical stored beam
currents are 100 mA or more), with a re-
solving power �/�� of about 400. This
leads to a dynamic range of five orders of
magnitude and a relative uncertainty of
about 2% at 13 nm and up to 10% at the
extremes of our wavelength coverage,
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relatively thick dielectric stacks making up
laser mirrors to the much shorter periods
that are necessary for the extreme ultravi-
olet. Nevertheless, progress in coating
technology and metrology have since
made high-efficiency, normal incidence
reflective coatings practical in the extreme
ultraviolet range of 4 nm to 40 nm. These
coatings can be thought of as either long-
period synthetic crystals or absorbing di-
electric stacks. Alternating layers of heavy
and light materials set up a standing wave
within the stack. The heavy material be-
haves as the high-density atomic cores or
the high-index dielectric, while the low-
density material represents the interatom-
ic region or the low-index medium. Thus,
each interface reflects a very small amount
of radiation, and by controlling the period
very accurately at half an effective wave-
length, the reflections add coherently. At
the longest wavelengths the radiation may
penetrate only 10 periods, while at the
shortest wavelengths it may penetrate 200
periods or more. The penetration depth is
important because the width of the reflec-
tivity peak is inversely proportional to the
number of layers sensed by the radiation.

Even with coatings that work at normal
incidence, some complex surfaces may be
required for imaging near the diffraction
limit. Classical two-element telescope de-
signs such as the Cassegrain can be fabri-
cated for the EUV with spherical and on-
axis paraboloidal mirrors; practical step
and scan systems require flat fields over
the width of a die site (25 mm) which can-
not be achieved with such systems. Im-
proving optical performance requires in-
creasing the number of optical elements,
but even with advanced multilayer coat-
ings, absorptance is sufficiently high that
the number of additional elements is re-
stricted. Further, all reflective multi-ele-
ment systems are also subject to occulting,
i.e., blocking of some rays by the optical
elements themselves. These factors drive
optical designers to use off-axis aspherical
surfaces, which are extremely difficult to
measure, fabricate and coat, particularly at
the required sub-nanometer tolerances.

Optical designs that call for unusual
off-axis aspherical surfaces also lead to
greater challenges in multilayer coating:
because an EUV multilayer behaves as a
Bragg reflector, compensation must be
made both for curvature of the surface
and varying angles of incidence. Generally
the period must grow where the slope of
the surface is greatest; however, for a uni-

Figure 2. "Real" false-color image obtained by
TRACE telescope. In this picture blue represents
17.1 nm, green, 19.1 nm, and red 28.4 nm.

Figure 3. One of the LIGO Pathfinder mirrors.



where scattered light and second-order ra-
diation become more important. The
monochromator was commissioned in
1994 and has operated at close to the de-
sign specs. Since it was commissioned, it
has been used to perform several hundred
measurements for customers in EUVL as
well as other fields.

The end user must also be considered in
the design of the measurement chamber:
for example, optics used in commercial
EUV steppers are generally large and com-
plex in shape; the measurement chamber
must be able to accurately position these
massive objects with many axes of both
translation and angle. In the past we have
been limited to measurement of samples
less than 10 cm in diameter; however we
have recently taken delivery of a large sam-
ple chamber capable of accommodating
optics as large as 35 cm in diameter and
weighing up to 50 kg with six axes of mo-
tion. The new chamber will allow us to
measure the large optics involved in EUV
astronomy and lithography.

Another application of multilayer-
coated optics involves stellar and solar as-
tronomy. Some plasma transitions repre-
sentative of specific temperature bands are
bright enough to be observed using multi-
layer-coated telescopes. One recent project
with NIST participation was the Transi-
tion Region and Coronal Explorer
(TRACE), a space-based telescope several
sectors of which are coated to reflect dif-
ferent wavelengths.11 Among the sectors
are three EUV quadrants with multilayer
coatings. The first of these reflects a band

centered at 17.1 nm and images Fe IX 
(8 times ionized), which represents tem-
peratures between 0.6 and 1.0 million K.
The second, at 19.5 nm, images Fe XII, 0.5
to 2.5 million K; the third, at 28.4 nm, Fe
XV, 1.25 to 4.0 million K. Shown in Fig. 1
are the results of our reflectometry meas-
urements of these three quadrants of the
secondary mirror. (The primary mirror
was measured by David Windt, then at Lu-
cent Technologies.) Figure 2 shows a "real"
false-color image of an active region of the
sun. This image is displayed with the 
17.1-nm band as blue, the 19.5-nm band
as green and the 28.4-nm band as red.11

Figure metrology
Highly accurate figure metrology is essen-
tial to the fabrication of advanced optics:
you can't make what you can't measure.
Optical figure metrology improved dra-
matically in the 1970s with the advent of
phase-shifting interferometry (PSI), the
use of phase modulation techniques to
improve phase and spatial resolution and
to determine the sign of the interference
condition. Today there are many commer-
cially available PSIs and metrological ca-
pabilities have become very sophisticated.
A great deal of research has been carried
out in areas such as improving phase-
shifting algorithms, unwrapping tech-
niques, and phase map analysis.12

Figure metrology today is a somewhat
unusual measurement field. Common
metrology practice—derived from the so-
called "gauge-maker’s rule"—is to have a
measurement capability at least ten times
better than the required uncertainty. This
is rarely the case in state-of-the-art optical

tests; the quality of the test optic is often
on the order of, or better than, the optics
in the interferometer. This leads to signifi-
cant systematic effects, the most obvious
of which is the figure error contribution of
the reference surface. Phase-shifting inter-
ferometers can be highly repeatable; there-
fore the measurement uncertainty is al-
most always limited by these systematic ef-
fects. Much work has been done on identi-
fying these effects and, in particular, on
devising test methods that intrinsically re-
move or minimize them, the so-called "ab-
solute" test methods (which more proper-
ly should be described as self-calibration
methods).

With appropriate test methods, com-
mercial PSIs have been successfully used to
test very high quality optics. The commer-
cial instruments are usually Fizeau inter-
ferometers, where the illumination and
imaging systems are common path and
hence approximately contribute no bias to
the measurement. Uncertainties in the
nanometer range have been claimed in
testing flats and some spherical surfaces
using such instruments. In the testing of
aspheres, however, strictly speaking the
systems are no longer common path, and a
bias is introduced in the measurement.13

At NIST we measured all the Pathfind-
er14 optics for LIGO, as well as production-
end mirrors, using a commercial interfer-
ometer (Fig. 3). These 250-mm-aperture
optics have different radii of curvature,
varying  from 6 km to 11 km. Over the 
150-mm-test aperture on the commercial
interferometer used, this gives a departure
from a flat of less than 1 wave at the test
wavelength (633 nm). We implemented a
variety of self-calibration procedures, test-
ing the part as if it were a flat. The non-
null condition, however, resulted in a spu-
rious spherical aberration calculated as 
2.1-nm for the Pathfinder (6 km) optics.
The average spherical aberration meas-
ured in these optics was 2.14-nm agree-
ment—well within the overall uncertainty
of the measurement.

While a commercial PSI interferometer
can be used effectively to test high-quality
flats and spheres, general aspheric optics
pose new metrological challenges. In gen-
eral, it becomes much more difficult in
this case to distinguish between surface
figure error and alignment error; at the
same time, connecting the coordinate sys-
tem of the part to the coordinate system of
the detector becomes somewhat of a chal-
lenge. What’s more, in this case it is not
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Figure 4. The X-ray optics calibration interfer-
ometer (XCALIBIR).



possible to experimentally evaluate non-
common-path errors (as can be done in
flat and spherical tests). These errors can
be evaluated with sophisticated ray-trace
modeling, but at accuracies necessary for
testing high-quality aspheres, the properties
of the optics in the interferometer must be
known in great detail. The proprietary na-
ture of most optics in commercial interfer-
ometers makes it difficult if not impossible
to acquire the necessary information.

The figure metrology of optics in EUV
lithography systems is a tour de force: de-
signs for a proof-of-principle EUV stepper
call for four aspheric mirrors with figure
tolerances on each mirror of 0.25 nm
rms,3 while  practical steppers may require
more. At these tolerances, effects from
gravitational sag and temperature are dra-
matic. And of course, measurement un-
certainties must be lower than the toler-
ances.15 Metrology at this level requires so-
phistication far beyond that which can be
attained with commercial interferometers.

Many systematic effects in optical tests
and the extent to which they can be mini-
mized are limited by imperfections in the
wave front in the interferometer. The
Lawrence Livermore National Laboratory
has developed an interferometer for test-
ing EUV optics to address this situation.16

In this device, called a point-diffraction
interferometer, the wave front is formed
by simple diffraction of the light from the
end of a single-mode optical fiber, which
leads to a highly spherical wave front. For
this kind of testing, a custom-designed in-
terferometer is built for each type of mir-
ror tested. The method minimizes effects
from an imperfect reference surface as well
as from wave-front imperfection. The test
still has some traditional uncertainty
sources such as the correction for the non-
null test condition, non-common path
contributions from optics in the imaging
leg, and connection of the coordinate sys-
tem of the part to that of the detector.

To address the metrology needs of the
optics industry in general, NIST has taken
a different approach to the problem of ul-
tra-high-precision optical testing. Work-
ing with industry, we have developed a
flexible, general-purpose interferometer
that will allow us to significantly extend
our measurement capabilities. Based on
traditional interferometric methods the
instrument, the X-ray optics calibration
interferometer (XCALIBIR) (see Fig. 4), is
designed to minimize dominant uncer-
tainty components.

Some of its features are:

• the ability to operate in Fizeau or
Twyman-Green modes;

• the ability to test any part in at least
two different configurations;

• displacement measuring interferome-
ters to facilitate connecting the test
part and detector coordinate systems;

• high-quality wave fronts;
• knowledge of optical components in

the test to allow ray-trace modeling;
• computer control, allowing for remote

operation and therefore minimal heat
sources to influence the test; and 

• the ability to vary both the spatial and
temporal coherence of the beam.

The instrument is housed in a clean en-
vironment with temperature control and
stability better than 0.05° C.

This facility is in the final stages of in-
stallation and characterization. Prelim-
inary high-frequency noise measurements
look promising. Figure 5 shows the rms of
difference maps after the removal of 36
Zernike terms as a function of the spatial
coherence of the beam (determined by the
source size). A 50-mm-beam diameter, a
Twyman-Green configuration, and the
He–Ne source were used for this test. The
consequence of the environment is com-
pared in the plot. The triangles represent
measurements taken with the instrument
in a general-purpose laboratory, and the
circles represent measurements taken after
the instrument was installed at NIST. Initial
optical tests will be carried out this year.
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Figure 5. XCALIBIR noise in a general-purpose
lab (triangles) and in a temperature-controlled lab
(circles).


