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Measurement of transparent plates with
wavelength-tuned phase-shifting interferometry

Peter de Groot

A wavelength-tuned Fizeau interferometer is applied to the problem of flatness testing of transparent
plates. When the plate is positioned at a specific distance from the reference surface and an integer-
math 13-frame phase-shifting algorithm is applied, the system directly filters out unwanted interference
arising from backsurface reflections. The resulting front-surface profile exhibits less than 2 nm of
residual error attributable to spurious reflections from within the plate. © 2000 Optical Society of
America
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1. Introduction

A common problem in optical surface profiling is spu-
rious reflections, such as are encountered when the
flatness of a transparent plate is tested in a Fizeau
interferometer.1 Unwanted interference effects
arising from backsurface reflections result in the
complex mixture of fringes shown in Fig. 1. The
overlapping patterns render ineffective standard
techniques in phase-shifting interferometry ~PSI!,

hich rely on the analysis of a sequence of interfer-
nce images shifted in phase by mechanical modula-
ion of the reference flat. Common practice is to
efeat backsurface reflections by one applying an
ndex-matching coating and then proceeding with
tandard PSI. It would be desirable to dispense
ith such surface treatments for routine inspection of

ransparent plates, particularly for process control in
production environment.
Several alternatives are now available, including
hite light,2 grazing incidence,3 desensitized grating

interferometry,4 use of multimode laser diodes,5 and
combinations of measurements in different orienta-
tions.6 An important class of solutions involves
unable-wavelength sources. Okada et al., for exam-
le, have measured transparent plates in a Twyman–
reen interferometer by acquiring 60 interference
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images at a sequence of wavelengths and least-
squares fitting of the first-order terms to calculate
surface and optical thickness profiles.7,8

Here I propose to measure transparent plates by
using a wavelength-tuned laser Fizeau interferome-
ter and a PSI algorithm that directly suppresses in-
terference modulations that are attributable to
spurious reflections ~patent pending!. The resulting
phase map represents only the desired front-surface
reflection and is relatively free of distortions, in spite
of the complex nature of the interference pattern.
Apart from use of a wavelength-tunable source and
the need to position the object rather closely to the
reference flat, the technique involves few changes to
a standard laser-based Fizeau. The PSI algorithm
executes quickly for high-throughput production test-
ing. The approach should prove useful to qualify
optical components, flat panel displays, and transpar-
ent substrates for rigid disk drives.

2. Interferometry of Transparent Plates

Figure 2 shows the optical geometry leading to the
interference pattern shown in Fig. 1. The phase de-
lay from the reference surface to the front object sur-
face is

u 5 2k~h1 2 h0! 1 2kL, (1)

where L is the nominal distance to the front object
surface and the angular wave number k is 2p divided
y the wavelength l. The phase delay from the front
o the back object surfaces is

f 5 2kn~h2 2 h1! 1 2knT, (2)
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where nT is the nominal optical thickness of the
ransparent plate object. In Eqs. ~1! and ~2!, h0,1,2

are the height profiles for the reference front object
and back object surfaces, respectively, and r0,1,2 are
the corresponding amplitude reflectivities.

In the absence of the backsurface reflection, PSI
would provide the phase difference u given by Eq. ~1!
to an arbitrary integer multiple of 2p, which together

ith knowledge of the reference surface h0 and the
wave number k provides a relative surface profile
proportional to h1. In the more general situation,
the interference intensity is

g 5 uuu2, (3)

where

u 5
r0 1 r9 exp~iu!

1 1 r9r0 exp~iu!
, (4)

r9 5
r1 1 r2 exp~if!

1 1 r1 r2 exp~if!
. (5)

Fig. 1. Fringe pattern in a Fizeau interferometer when viewing a
transparent plate. The complicated interference effects, includ-
ing backsurface reflections, defeat conventional PSI with mechan-
ical phase shifting.

Fig. 2. Laser-based Fizeau interferometer viewing a transparent
plate. LD, laser diode.
This calculation includes all possible multiple reflec-
tions between the reference surface and the two sur-
faces of the transparent plate. A simplified example
calculation assumes here that the intensity reflectiv-
ity R is identical for all three surfaces:

r0 5 2ÎR,

r1 5 ÎR,

r2 5 2ÎR. (6)

Using this simplifying assumption and expanding
Eqs. ~3!–~5!, I find that for this example

g 5 2RF3
2

2 cos~u! 2 cos~f! 1 cos~u 1 f!G 1 O~R2!.

(7)

he first-order terms in R already reveal the diffi-
culty of performing PSI on transparent plates.
Terms involving the phase f introduce an unwanted
dependence of the interference data on the height
profile h2 of the backsurface of the transparent plate.
Standard PSI, which relies on a mechanical modula-
tion of u, is unable to make sense of the resulting
interference behavior.

3. Wavelength-Tuned Phase-Shifting Interferometry

Controlled wavelength tuning—for example, by injec-
tion current modulation of a laser diode in an
unequal-path interferometer—is a convenient non-
mechanical means of generating phase shifts for
PSI.9,10 Wavelength-tuned PSI has a further advan-
tage in dealing with overlapping interference pat-
terns from multiple reflections. As the wave
number ramps with time at a rate dkydt, the inter-
ference intensity varies according to

g~t! 5 2RF3
2

2 cos~u 1 n1 t! 2 cos~f 1 n2 t! 1 cos~u

1 f 1 n3 t!G 1 O~R2!, (8)

here

n1 5 2Ldkydt, (9)

n2 5 Gn1, (10)

n3 5 ~G 1 1!n1, (11)

G 5 nTyL. (12)

Wavelength tuning modulates the various terms in
Eq. ~8! at different rates, therefore providing a means
in principle of one distinguishing between their con-
tributions to the final interference image.

Table 1 summarizes the modulation frequencies
n1. . .3 and n4. . .9 for first- and second-order terms of
Eq. ~8!, respectively. For example, G 5 3 might in-
olve a T 5 12-mm-thick transparent glass plate of
ndex n 5 1.5 placed at a distance L 5 6 mm from the
eference surface. The resulting interference mod-
1 June 2000 y Vol. 39, No. 16 y APPLIED OPTICS 2659



Table 1. Modulation Frequencies Resulting from Wavelength Tuning a

2

ulations include the fundamental frequency n1 for the
front-surface reflection, plus the spurious harmonics
n2. . .9 listed in Table 1 and shown graphically in Figs.
3 and 4. Although these unwanted modulations
confuse conventional PSI, it should be possible in
principle to identify and suppress these terms accord-
ing to their modulation frequency.

4. Fourier Filtering with Phase-Shifting Algorithms

Phase-shifting algorithms are essentially single-
frequency Fourier transforms tuned to the expected
interference modulation frequency n1. Conse-
quently, all PSI algorithms have, to some degree, the
ability to suppress signal distortions at other fre-
quencies.11 I therefore propose to construct an effi-
cient integer-math PSI agorithm that is specifically
designed to extract the desired front-surface interfer-
ence information while directly filtering out the un-
wanted modulation frequencies n2. . .9.

Not all PSI algorithms are appropriate to this task,
so the first step is to identify an algorithm having the

Fizeau Interferometer with a Transparent Plate Objecta

Modulation
Frequency

Frequency
2Ldkydt G 5 3 G 5 0.5

Amplitude
2R~1 2 4R!

n1 1 1 1 21
n2 G 3 0.5 21
n3 G 1 1 4 1.5 1

n4 2 2 2 2R
n5 G 2 1 2 20.5 2R
n6 G 1 2 5 2.5 2R
n7 2G 6 1 2R
n8 2G 1 1 7 2 2R
n9 2G 1 2 8 3 2R

aG 5 nTyL.

Fig. 3. Single-pixel intensity modulation in a Fizeau interferom-
eter during a continuous shift in source wavelength. The solid
curve represents the expected signal from a single object surface.
The dotted curve represents the signal when viewing a transparent
plate object, including unwanted distortions resulting from spuri-
ous backsurface reflections.
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desired filtering characteristics. Most PSI algo-
rithms can be written as follows:

u 5 tan21S(
m50

M21

sm gm Y (
m50

M21

cm gmD 1 const, (13)

where the index m corresponds to successive camera
frames and sm and cm are coefficients specific to the
PSI algorithm. The total number of frames M is
typically between 4 and 7. The interference phase
shifts continuously between camera frames by an
amount

Da 5 n1Dt, (14)

where Dt is the time lapse between frames. PSI
algorithms are designed to be sensitive to this phase
shift and to be resistant to distortions in the phase
shift as well as other disturbances.

One way to evaluate the sensitivity of PSI algo-
rithms to unwanted interference terms is to perform
a discrete Fourier transform of the coefficients sm and
cm:

S~n! 5 (
m50

M21

sm exp~2imDanyn1!, (15)

C~n! 5 (
m50

M21

cm exp~2imDanyn1!. (16)

The resulting filter functions S~n! and C~n! are trans-
fer functions in the frequency domain.12 A measure
of the characteristic sensitivity of the algorithm to
intensity noise is therefore

I~n! 5 @uS~n!u2 1 uC~n!u2#1y2. (17)

Perhaps the best way to illustrate use of the filter
function analysis is to give an example of what will
not work in the present application. The most com-
monly used PSI algorithm today is the Schwider–

Fig. 4. Frequency content of the dotted-curve signal shown in Fig.
3. The desired fundamental frequency n1, here normalized to 1, is
accompanied by several parasitic modulations as noted in Table 1.
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Hariharan five-frame algorithm,1,13 for which the
oefficients are

s 5 ~0 2 0 22 0!, (18)

c 5 ~21 0 2 0 21!. (19)

The filter functions are

S~n! 5 i sin~pny2n1!, (20)

C~n! 5 sin2~pny2n1!. (21)

he algorithm has periodic extrema at nyn1 5 1, 3,
5 . . . , meaning that it is sensitive to modulations at
these frequencies. Figure 5 shows this sensitivity
graphically by use of Eqs. ~17!, ~20!, and ~21!. For
the G 5 3 example in Table 1, the n2 modulation
overlaps the nyn1 5 3 sensitivity and is therefore

nfiltered by the five-frame PSI algorithm. The am-
litude of this unwanted n2 modulation is the same as

the fundamental and is fatal to PSI for this value of
G, as is clear from the 620-nm cyclic errors plotted in
Fig. 6. There does not appear to be a value of G that
would make it possible to place the first-order n2 and
n3 frequencies simultaneously at the zeros of Eqs. ~20!
and ~21!.

A PSI algorithm that is better suited to the task of
filtering unwanted interference modulations in
transparent plates is the following 13-frame, Da 5
py4 algorithm14,15:

s 5 ~23 2 4 0 12 21 16 0 216 221

212 0 4 3!, (22)

c 5 ~0 24 212 212 0 16 24 16 0

212 212 24 0!. (23)

he filter functions in Fig. 7 show that the 13-frame
lgorithm suppresses both the first-order harmonics
2,3 for the G 5 3 example in Table 1, as well as most

of the second-order terms. The residual error that is

Fig. 5. Theoretical frequency response of the five-frame, Da 5 py2
SI algorithm, including the averaging or integrating bucket effect
f the phase change during the data-acquisition time interval Dt.

Unfortunately this algorithm is sensitive to the unwanted harmon-
ics shown in Fig. 4.
attributable to the n8yn1 5 7 modulation is 62 nm.
hus the 13-frame PSI algorithm combined with the
ransparent plate being placed close to the reference
urface nearly eliminates the effect of backsurface
eflections.

There are several other system configurations and
lgorithms that use the same principle. An inter-
sting alternative is the case in which G 5 0.5. The
wo first-order unwanted modulations according to
able 1 are now at n2yn1 5 0.5 and n3yn1 5 1.5. The

sensitivity curve in Fig. 8 shows how the following
15-frame, Da 5 py2 algorithm suppresses these un-
wanted modulations:

s 5 ~21 0 9 0 221 0 29 0

229 0 21 0 29 0 1!, (24)

c 5 ~0 24 0 15 0 226 0 30 0

226 0 15 0 24 0!. (25)

The second-order n7 and n9 terms result in a residual
error of 62 nm. The G 5 0.5 case positions the part

Fig. 6. Theoretical cyclic error as a function of the fundamental
phase u for a five-frame PSI algorithm in the presence of reflec-
ions.

Fig. 7. Theoretical frequency response of the 13-frame, Da 5 py4
PSI algorithm. This algorithm suppresses the high-frequency
modulations shown in Figs. 3 and 5.
1 June 2000 y Vol. 39, No. 16 y APPLIED OPTICS 2661
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at a more comfortable distance than the G 5 3 exam-
ple, i.e., six times further away. The relative advan-
tage of the G 5 3 solution is that it tolerates a large
variation in object position, and it actually works well
with values of G ranging from 2 to 5. The G 5 0.5
olution requires the object to be positioned at the
recise distance L to within a few percent, and like-
ise it requires a more precise calibration of the
avelength excursion.

5. Experiment

The technique was evaluated for the inspection of 10-
cm-thick, 0.6-m-diameter transparent flats generated
by large rotational polishing machines. The object
placement distance is L 5 5 cm for G 5 3. Figure 1
hows a single frame of the interference intensity data
or this object. The large-aperture interferometer
ses a wavelength-tunable laser diode source.16

Figure 9 shows the results of a first experiment

Fig. 9. Experimental data processed with the five-frame, Da 5
py2 PSI algorithm showing the predicted 40-nm peak-to-valley

rofile distortion resulting from backsurface reflections from a
ransparent plate.
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with a conventional five-frame PSI analysis, for
which the high-frequency profile distortions are at-
tributable to the backsurface reflection. Figure 10
shows the results of a second experiment, in which
the 13-frame PSI algorithm together with wave-
length tuning eliminates the distortion. For this lat-
ter experiment, the angular wave-number excursion
Dk per camera frame is 0.079 cm21. The total wave-
length excursion for a nominal wavelength l of 0.68

m is 0.0075 nm. The residual error is undetect-
ble, consistent with the predicted improvement.

6. Conclusions

The foregoing experimental demonstration verifies
one possible combination of part placement with a
PSI algorithm that suppresses unwanted modula-
tions in the interference intensity. There are many
other possible combinations that rely on the same
principle. The key is to match the modulation fre-
quencies determined by expansion of Eqs. ~3!–~5!

ith the PSI algorithm sensitivity determined by Eq.
17!. In many cases, this will require construction of
new PSI algorithm by use of any one of the known

echniques.17,18 Once this is accomplished, it is pos-
sible to profile accurately transparent plates with
laser-based Fizeau interferometry.

This research was initiated by T. Connolly and was
completed with the able assistance of J. Soobitsky,
who performed the experiments with the Zygo 24-in.
phase-shifting interferometer.
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