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The addition of electronics, computers, and software to interferometry has enabled enormous improve-
ments in optical metrology. This paper discusses four areas in which computerized interferometric mea-
surement improvements have been made in the measurement of surface shape and surface roughness:
(a) The use of computer-generated holograms for the testing of aspheric optics, (b) phase-shifting inter-
ferometry for getting interferometric data into a computer so the data can be analyzed, (c) computerized
interference microscopes, including multiple-wavelength and coherence scanning, for the precision mea-
surement of surface microstructure, and (d) vibration-insensitive dynamic interferometers for enabling
precise measurements in noncontrolled environments. © 2012 Optical Society of America

OCIS codes:

1. Introduction

Computers have changed, and for the most part
improved, almost everything we do, and this is espe-
cially true in metrology. For example, improved com-
puters, electronics, and software have helped make
possible enormous advances in the measurement
of surface shape and surface roughness. These mea-
surement enhancements have made possible im-
provements in the fabrication of precision optics,
hard disk drives, machine tools, and semiconductors,
to name just a few areas in which improved metrol-
ogy has been responsible for both improved manufac-
turing quality and the ability to make components
or systems that previously could not be made. This
paper reviews some of the computerized optical mea-
surements areas the author has been involved with
that have led to improvements in the manufacturing
of components or systems. For some of the items dis-
cussed, at the time the original work was performed,
the measurement techniques were not very useful
because the enabling technology, such as plotters,
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computers, detector arrays, and computing power,
needed to make useful and accurate measurements
were not available, but the concepts were sound.
When the supporting technology became available,
however, the measurement techniques became use-
ful and valuable.

The discussion is divided into four sections for
which the improved measurement technique has
made a significant improvement in either the fabri-
cation of optics or the manufacturing of other items
important in our daily lives: (a) use of computer-
generated holograms (CGHs) for the testing of
complex aspheric optics; (b) phase-shifting inter-
ferometry (PSI) for getting interferometric data into
the computer so the data can be analyzed to deter-
mine what is wrong with the component or system
being measured, how to improve or fix the component
or system, and how well the component or system
will work if it is not improved; (¢) computerized inter-
ference microscopes, including multiple-wavelength
and coherence scanning, for the measurement of
surface microstructure; and (d) vibration-insensitive
dynamic interferometers for enabling high-precision
interferometric measurements in manufacturing
environments in which high-precision surface
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measurements previously could not be made, and for
the measurement of the change in surface shape of
vibrating surfaces.

2. Computer-Generated Holograms

Optics with aspheric surfaces have become essential
in high-performance optical systems because they
can give improved performance with fewer optical
components than if only optics having spherical
surfaces are used. Fewer optical components mean
reduced weight and generally reduced cost. To pro-
duce high-quality aspheric surfaces, the surface
shape must be measured, and a CGH is excellent
for producing a reference wavefront for measuring
the shape of the aspheric surface [1-8]. The CGH can
be thought of as a binary representation of the inter-
ferogram, or hologram, that would be recorded if we
were to interfere the aspheric wavefront coming from
a perfect aspheric surface with a reference beam. The
procedure for making the CGH is to first ray trace
the interferometer to determine the position of the
fringes in this theoretical interferogram (hologram).
A plotter, such as a laser beam recorder or an e-beam
recorder, is then used to draw lines along the calcu-
lated fringe positions. Figure 1 shows a simple CGH.
Generally, the CGH would be more complicated, but
a more complicated one would be too hard to see in
the publication.

Figure 2 shows a typical laser-based Fizeau inter-
ferometer with a CGH added to test an aspheric sur-
face [4]. A spherical beam illuminates the CGH and
several beams are produced: one is an aspheric
wavefront that has the property that upon reaching
the aspheric mirror under test, it will match the
shape of the aspheric surface if the surface is perfect.
The beam is reflected back to the CGH and again sev-
eral beams are produced, of which one is a spherical
wave (if the aspheric surface is perfect) that inter-
feres with the spherical wave reflected off of the

Fig. 1. Typical CGH.
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Fig. 2. (Color online) Laser-based Fizeau interferometer with
CGH for testing an aspheric surface.

reference surface. The resulting fringes give the error
in the aspheric surface being tested.

The largest potential source of error in the CGH
test is the wavefront error resulting from the lines
(fringes) making up the CGH being in the wrong
location [2-4,9-18]. This error is given by the
following:

e(x,y)
S(x.y)’

where ¢(x,y) is the fringe position error in the direc-
tion perpendicular to the fringes, S(x,y) is the loca-
lized fringe error, and A is the wavelength [4]. As an
example, let us say the fringe spacing is 20 pm and
the fringe position error is 0.1 pm, then a wavefront
error of /200 is produced. In the early days of CGH
work, wavefront errors produced by plotters were a
serious problem and limited the usefulness of CGHs,
and many of the early CGH papers measured the
quality of plotters and correcting for plotter errors
[13]. Now with modern electron-beam or laser plot-
ters, the plotter error is no longer significant. A con-
servative spec for electron-beam recorders that have
been developed by the electronic industry to make
electronic chips, but that also can be used to make
CGHs, is a positional accuracy of 50 nm over a
maximum dimension of 150 mm x 150 mm for 3 x
3 million distortion-free resolution points, compared
with 1000 x 1000 for the paper plotters that were
used to make the early CGHs [4,13]. Thus, laser re-
corders and e-beam recorders have the resolution
and accuracy required to make high-quality CGHs
for testing most state-of-the-art aspheric elements.
If the aspheric wavefront being tested is still too com-
plicated for the reference surface to be produced by a
CGH by itself, then additional lenses or mirrors can
be used with the CGH to produce the required asphe-
ric wavefront for the test [18].

Errors also can result from the hologram being in
the wrong location. Lateral misalignment gives
errors proportional to the slope of the wavefront
[4]. Errors resulting from longitudinal misalignment
are less sensitive if the hologram is placed in colli-
mated light, although generally this is not necessary.
Generally alignment marks, crosshairs, are placed
on the CGH to aid in the alignment. Another good
feature of a CGH test is that additional holographic
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structures can be placed on the CGH to produce
alignment spots for the optical setup. Now that
high-quality plotters are available, CGHs are widely
used in the testing of aspheric optics.

Using CGHs to test aspheric optics is extremely
useful because of the wide variation of aspherics that
can be tested. Once you have the software for produ-
cing a CGH and access to an electron-beam recorder,
it is easy to make a new hologram to test a different
aspheric surface. As mentioned, crosshairs can be
put on the CGH to aid in the alignment of the CGH
and additional holograms can be placed on the CGH
to aid in the alignment of the optics. It is impossible
to overemphasize the benefit of being able to add
additional holograms to the CGH to aid in the align-
ment of both the CGH and the entire optical test
setup. CGH interferometers work well with the
phase-shifting techniques described in Section 3.

When the original work describing the use of
CGHs for testing aspheric surfaces was performed,
the plotters used to make the CGHs were not of suf-
ficient quality to make CGHs to test anything but the
simplest aspheres, and the CGH research was useful
only to produce papers and talks. Now that high-
quality electron-beam recorders are available, CGHs
are truly useful for testing state-of-the-art aspheric
surfaces, and they are used daily in the manufactur-
ing of sophisticated state-of-the-art optical systems.

3. Phase-Shifting Interferometry

Most optical-testing interferometers now use phase-
shifting techniques because phase shifting is a highly
accurate rapid way of getting the interferogram in-
formation into a computer and the inherent noise
in the data-taking process is so low that in a good en-
vironment angstrom or subangstrom surface height
measurements can be performed. Although the ear-
liest reference to PSI is believed to be 1966 [19], the
development and demonstration of PSI began in the
1970s [20-23]. In PSI, the phase difference between
the interfering beams is either changed in discrete
steps (sometimes called phase-stepping interferome-
try) or it is changed at a constant rate as the detector
is read out [23]. It can be shown that by making three
or more measurements of the irradiance of the inter-
ference pattern as the phase difference is varied, it is
possible to accurately determine the phase difference
between the two interfering beams. The most com-
monly used phase shift between consecutive frames
of data is 90 deg because it simplifies the calcula-
tions. Generally, more than three phase shifts are
used to reduce the requirement for the phase shift
being exactly 90 deg [24].

The irradiance of the interference pattern can be
written as follows:

I(x’y) = Idc +Iac cos[(/)(x,y) + a(t)],

where ¢(x,y) is the phase being measured and a(t) is
the phase shift. If four frames of data are taken as
the phase changes by 90 deg between readouts,

the irradiance for the four measurements and the
measured phase, ¢(x,y), are given by the following:

Ii(x,y) = Igc + g coslp(x,y)] if ¢p(¢) =0
I(.y) = Lie - Ly, sinfpx.y)] if ¢(6) =3
I3(x,y) = Igc — Iy coOs[p(x,y)] if ¢p(t) ==

3
Iy(x.y) = Igc + Iy sinfp(x. )] if ¢(2) = Eﬂ

I4(.7C,y) - IQ(xuy)

tan[p(x,y)] = Ii(x.y) - I3(x.y)

Although this is a simple equation, it is powerful
and an excellent way of getting interferogram data
into a computer. As a result of the subtraction and
division and performing the calculation at each de-
tector point, the effects of fixed pattern noise and
gain variations across the detector are canceled
out, as long as the effects are not so large that the
dynamic range of the detector becomes too small to
be of use.

Once the phase is determined across the interfer-
ence field, the corresponding height distribution,
h(x,y), on the test surface can be determined, as
follows:

A
h.y) = 7.,

where we have assumed the surface is being mea-
sured at normal incidence. Almost all interferom-
eters used to measure surface height variations use
phase-shifting techniques.

When the original ideas for PSI were developed,
PSI was not practical. Solid-state detector arrays
were not yet available; computers were large, expen-
sive, and not as powerful as you would want; and the
required electronics were massive. In the late 1960s
and early 1970s, building a phase-shifting interfe-
rometer was so expensive that classified government
projects were some of the only sources of funding
available for making active or adaptive optics for sa-
tellite reconnaissance systems for which cost was not
too important. One of the first systems built had
racks of electronics and only 21 discrete detectors,
whereas presently PSI systems using inexpensive
personal computers and 4 million pixel detector ar-
rays are common. In spite of how complicated and
crude the first phase-shifting interferometers were,
it was possible to demonstrate the adaptive optics
correction of atmospheric turbulence [25]. Fortu-
nately, or unfortunately, this early system worked
so well that as soon as it was shown that it worked,
the U.S. government classified the work for
many years.
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4. Computerized Interference Microscopes

In the 1980s, solid-state detector arrays and personal
computers became available so it made sense to
make commercial phase-shifting interferometers, in-
cluding phase-shifting interference microscopes for
the measurement of surface microstructure. This
section describes a computerized interferometric
microscope system for the measurement of surface
microstructure for which a repeatability of the sur-
face height measurements of less than 0.1 nm can
be obtained for smooth surfaces, and by using
multiple-wavelength and coherence-scanning techni-
ques, surfaces with height variations larger than
hundreds of micrometers can be measured to within
an accuracy of a few nanometers.

Figure 3 shows a simplified schematic of the in-
strument [26—28]. The configuration shown in the
figure utilizes a two-beam Mirau interferometer at
the microscope objective. In the figure, a tungsten
halogen lamp is used as the light source, although
LEDs are currently more common. In the phase-
shifting mode of operation, a spectral filter of 40 nm
bandwidth centered at 650 nm is used to increase the
coherence length. For the vertical-scanning mode of
operation described in this section, the spectral filter
is not used. Light reflected from the test surface in-
terferes with light reflected from the reference. The
resulting interference pattern is imaged onto the
CCD array. The output of the CCD is digitized and
read by the computer. The Mirau interferometer is
mounted on either a piezoelectric transducer or a
motorized stage so that it can be moved vertically.
During this movement, the distance from the lens
to the reference surface remains fixed. Thus, a phase
shift is introduced into one arm of the interferometer.
By introducing a phase shift into only one arm while
recording the interference pattern that is produced,
it is possible to perform either the phase-shifting tech-
nique previously described or the vertical-scanning
coherence sensing technique described next.

In the phase-shifting mode of operation, the phase
is obtained by calculating the arc tangent that gives
the phase modulo 27, and hence discontinuities may
be present in the calculated phase. These 2z discon-
tinuities can be removed as long as the slopes on the
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Fig. 3. (Color online) Computerized interference microscope.
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sample being measured are limited so that the actual
phase difference between adjacent pixels is less than
« (surface height must change by less than a quarter-
wavelength). The dynamic range can be increased
by performing the measurement at two or more
wavelengths [29-31].

In two-wavelength interferometry, phase measure-
ments are performed at two different wavelengths,
and the two-phase measurements are subtracted.
Assuming no chromatic aberration is present, the re-
sult is equivalent to performing a single wavelength
at a longer equivalent wavelength given by the
product of the two wavelengths divided by the differ-
ence. This can be seen as follows:

1 1
phasels — phasel; = 22| — - — |OPD

loa A4

2r

= —O0OPD, where
Aeq
P Aoy
eq AbS[/lz - ﬂvl] ’

The maximum surface slope that can be measured is
still a quarter-wavelength between adjacent detector
points, but now it is a quarter of the equivalent
wavelength, not a quarter of the individual shorter
wavelengths. Thus, the dynamic range of the mea-
surement is increased by the ratio of the equivalent
wavelength to the individual single wavelength.
Unfortunately, the noise is increased by the same ra-
tio. It is easy to get around this increased noise when
steps are being measured. The single-wavelength
measurements are correct, except the step heights
are off by an integer number of half-wavelengths.
The errors in the step heights can be corrected by
comparing the heights measured using the equiva-
lent wavelength with the heights measured using the
single wavelength, and then by adding or subtracting
an integer number of half-wavelengths to the heights
measured using the single wavelength, so that the
difference between the single wavelengths and the
equivalent wavelength is less than a quarter-wave.
In this way, it is possible to obtain the dynamic range
of the equivalent wavelength and the accuracy of the
single-wavelength measurement.

Often, a better way to increase the dynamic range
of an interference microscope is to use coherence
scanning [32-34]. In the coherence-scanning mode
of operation, an unfiltered white light source is used.
Because of the large spectral bandwidth of the
source, the coherence length of the source is short,
and good contrast fringes will be obtained only when
the two paths of the interferometer are closely
matched in length. Thus, if in the interference micro-
scope the path length of the sample arm of the inter-
ferometer is varied, the height variations across the
sample can be determined by looking at the scan po-
sition for each sample point for which the fringe con-
trast is a maximum. In this measurement, there are
no height ambiguities, and because in a properly



adjusted interferometer the sample is in focus when
the maximum fringe contrast is obtained, there are
no focus errors in the measurement of surface micro-
structure. In the vertical-scanning mode, nearly any
type of surface can be measured as long as the re-
flected light gets back through the microscope objec-
tive. Although almost any surface can be measured,
however, there may be errors in the measurement
and care is required. For example, if a very rough sur-
face is measured, there may be multiple reflections of
the light in the surface structure, resulting in errors
in the surface measurement [35,36]. In spite of this
potential problem, the coherence-scanning interfer-
ence microscope is widely used in a wide variety of
industries, including magnetic data storage, semi-
conductor, machine tool, biomedical, and so on.

The ideas of coherence scanning go back to the
days of Michelson, but it was not until the 1990s that
the required detectors and computers were available
to make a practical commercial system [34]. The
early commercial systems used digital signal proces-
sors (DSPs) to perform the required calculations to
simultaneously determine the coherence calcula-
tions at all detector points. Personal computers later
became powerful enough to do the calculations with-
out DSPs, and since then, as computers became fas-
ter and faster, it became easier to do the calculations
at a million or more data points at vertical scan
speeds of greater than 25 pm/s.

5. Vibration-Insensitive Dynamic Interferometers

PSI is extremely useful for the testing of optics, but
in many situations, especially for the testing of large
telescope optics, or in manufacturing environments,
the environment limits the measurement accuracy
and sometimes the environment is sufficiently bad
that the measurement cannot be performed. This
section describes a technique for reducing effects of
vibration by using dynamic (single-shot) interfero-
metry techniques. The single-shot interferometer
described is insensitive to vibration, and many mea-
surements can be averaged to reduce the effects of air
turbulence and enable the precision measurement of
large optical components. Also, if surface shape is
changing with time, the changes in surface shape
can be measured and movies can be made showing
how the surface shape changes as a function of time.

As stated, in conventional temporal PSI three or
more interferograms are obtained for which the
phase difference between the two interfering beams
changes by 90 deg between consecutive interfero-
grams. The major effect of vibration in temporal
PSI is that the vibration results in incorrect phase
changes between consecutive interferograms. Vibra-
tion effects can be reduced if all of the phase-shifted
frames are taken simultaneously, and fortunately,
there are several ways to obtain all of the phase-
shifted frames simultaneously [37-45]. A phase-
shifting technique that works well with multiple
wavelengths, or even white light, involves the use
of a quarter-wave plate (QWP) followed by linear

polarizers at different angles. For this technique,
the phase shift between the two interfering beams
is nearly independent of wavelength. The QWP is or-
iented to convert one of the two interfering beams
into left-handed circular polarization and the other
interfering beam into right-handed circular polariza-
tion. If these circularly polarized beams are trans-
mitted through a linear polarizer, a phase shift is
shown between the two interfering beams propor-
tional to twice the rotation angle of the polarizer
results [46]. See Fig. 4(a).

Thus, if a phase mask is made of an array of four lin-
ear wire-grid polarizer elements having their trans-
mission axes at 0, 45, 90, and 135 deg as shown in
Fig. 4(b), where a polarizer element is placed over each
detector element, the mask will produce an
array of four 0, z/2, =, and 3z/2 deg phase-shifted in-
terferograms. The size of the polarizer elements must
be equal to the size of the pixels making up the detec-
tor array. Figure 4(c) shows a scanning electron
microscope (SEM) photo of the patterned polarizers.
The following subsection shows how this polarizer
array can be used with both Twyman—Green and
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Fig. 4. (Color online) (a) Use polarizer as phase shifter. (b) Array
of oriented micropolarizers. (¢) SEM of patterned polarizers.
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Fizeau interferometers. This spatial phase-shifting
technique does slightly reduce the spatial resolution
of the interferometer, but the effect on the spatial
transfer function is small [47]. Although it has been
known for a long time that rotating a polarizerin a cir-
cularly polarized beam changes the phase of the beam,
itis only within the past few years that it has been pos-
sible to produce the required wire-grid polarizer array
to work in the visible spectrum.

A. Simultaneous (Single-Shot) Twyman—Green
interferometer

It is fairly easy to make a Twyman—Green interfe-
rometer using the micropolarizer phase-shifting

266 deg
Fig. 6.
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310 deg
(Color online) Surface vibrating at frequency of 408 Hz.

array, and one possible arrangement is shown in
Fig. 5. The essential characteristics of the two-beam
interferometer are that the test and reference beams
have orthogonal polarization and the size of the mi-
cropolarizer array matches the CCD array. In Fig. 5,
the polarization beam splitter (PBS) sends one state
of polarization to the reference arm and the orthogo-
nal state to the test arm. A QWP is placed in each
arm, and after the light passes through each QWP
twice, the direction of polarization is rotated 90 deg
and the beam that was reflected by the PBS on the
first pass will be transmitted on the second pass, and
the beam that was transmitted on the first pass will
be reflected on the second pass. The QWP placed in
the output beam converts the orthogonally polarized
test and reference beams into left-handed and right-
handed circularly polarized beams.

Using this interferometer, it is possible to have the
optics under test and the interferometer on different
tables without any vibration isolation. By averaging
several frames of data, the effects of air turbulence
can be minimized. If a surface is vibrating, it is pos-
sible to determine precisely how the surface is vibrat-
ing. Movies can be made showing how the shape of
the vibrating surface is changing in time. Figure 6
shows an array of surface measurements made of
a disk vibrating at a frequency of 408 Hz.

B. Single-Shot Laser-Based Fizeau Interferometer

A single-shot laser-based Fizeau interferometer is
more difficult to construct than a Twyman—Green

360 deg



interferometer because the Fizeau interferometer is
more common path, and it is hard to obtain a refer-
ence and test beam having orthogonal polarization.
In principle, a QWP can be placed between the test
and reference surfaces to rotate the direction of po-
larization of the test beam by 90 deg, but in practice
this does not work well, especially for testing sphe-
rical optics. Techniques for which the reference
and test beams are tilted with respect to each other
have been described [48]. Using tilted beams in any
interferometer introduces aberrations, however, be-
cause the beams are going through the interferom-
eter elements off-axis. Thus, the biggest advantage
of using a Fizeau interferometer is lost—namely,
that in a Fizeau interferometer, both test and refer-
ence beams transverse the same paths in the inter-
ferometer so that errors in the interferometer optics
are common to both the test and reference beams,
and cancel out. A better approach is the on-axis ap-
proach shown in Fig. 7 [49]. This approach also has
the great capability that a short-coherence light
source can be used, and fewer interference fringes
will result from the interference of undesired re-
flected beams. Thus, a large source of error, the
spurious interference fringes often present in inter-
ferometers using long-coherence light sources, are
eliminated.

In the interferometer shown in Fig. 7, a short-
coherence light source is used. The source beam
consists of two-path-delayed orthogonally polarized
beams. The path difference between the two beams
is set equal to the path difference in the Fizeau cav-
ity. The desired interference results from the long-
path source beam reflected off the reference surface
and the short-path light source beam reflected off the
test surface. All beams are on-axis so off-axis aberra-
tions are not a problem. Because both source beams
are reflected off both test and reference surfaces and
only the two-path-length matched beams give inter-
ference, the fringe contrast is reduced, but it is still
more than adequate. Because a short-coherence light
source is used, spurious fringes are greatly reduced.
One source that works well is a modulated diode with
coherence length of approximately 300 pm.

This interferometer shown in Fig. 7 can be used for
testing windows having nearly parallel surfaces. If a
long-coherence source is used, spurious fringes are

Short
coherence + AL »
length source M

Imaging

Reference
Lens

Polarization : Flat
=29 Mask and Window

being
Detector tested

D L] L )
Stop / / Return

Fig. 7. (Color online) Testing glass sample in transmission or
testing each surface in reflection.

(a) Long coherence
length source

(b) Short coherence

length source
Fig. 8. (Color online) Interference fringes obtain testing a thin
glass plate.

obtained as shown in Fig. 8(a); however, with the
short-coherence source, interferometer spurious
fringes are eliminated as shown in Fig. 8(b), and
by selecting the proper AL in the source, it is possible
to look at the fringes for reflection off the first surface
or the second surface.

A single-shot dynamic interferometer can go a long
way toward reducing the effects of what is often
a large source of error in PSI, namely, vibration.
Averaging many frames of data obtained using a sin-
gle-shot dynamic interferometer can reduce errors
resulting from air turbulence. Averaging data frames
in the presence of vibration will average out the
double-frequency errors common in PSI [24], and
generally more accurate results can be obtained
in the presence of vibration than normally can be ob-
tained using conventional temporal PSI in the ab-
sence of vibration. Also, it is possible to measure a
vibrating surface to determine precisely how the sur-
face is vibrating, and movies can be made showing
how the vibrating surface shape changes. Once a
person works with a simultaneous dynamic phase-
shifting interferometer, it is hard to go back to work-
ing with a temporal phase-shifting interferometer.

6. Conclusion

This paper gives four examples of instances in which
the addition of electronics, computers, and software
to well-known interferometry techniques has pro-
vided enormous improvements in optical metrology.
When the initial work was performed for most of the
examples, the techniques were not particularly use-
ful because the necessary enabling technology was
not yet available. The concepts were sound, however,
and when the supporting technology became avail-
able, the measurement techniques became useful
and valuable. This is true in all areas of research,
and just because a particular concept is not currently
useful, it does not mean that it will never be useful.
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