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Improved vertical-scanning interferometry

Akiko Harasaki, Joanna Schmit, and James C. Wyant

We describe a method that combines phase-shifting and coherence-peak-sensing techniques to permit
measurements with the height resolution of phase-shifting interferometry without the interval-slope
limitation of ly4 per data sample of phase-shifting interferometry. A five-frame algorithm is used to
determine both the best-focus frame position and the fractional phase from the best-focus frame of the
correlogram acquired through vertical scanning. The two surface profiles retrieved from the phase and
the modulation contrast of the correlograms are compared in the phase-unwrapping process to remove
fringe-order ambiguity. © 2000 Optical Society of America
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1. Introduction

Phase-shifting interferometry1–5 ~PSI! accompanied by
large CCD arrays and powerful, low-cost computers
can obtain measurements with a precision as high as
ly1000. However, PSI suffers from phase-ambiguity
problems that limit the height difference between two
adjacent data points to ly4, where l is the wavelength
of the light used. One technique that has been suc-
cessful in extending this height-difference limitation
is multiple-wavelength interferometry.6–9 Multiple-
wavelength interferometry provides the precision of
the wavelengths in use and the dynamic range of the
equivalent wavelength, given by

leq 5
l1l2

ul1 2 l2u
. (1)

Thus, by the selection of the two wavelengths it is
possible to increase the dynamic range to hundreds
and even to thousands of micrometers. This ap-
proach is an excellent method for measuring step
heights7; however, it does not work especially well
with rough surfaces.10 On the other hand, a broad
ange of wavelengths and the coherence-peak-
ensing approach11–22 work quite well with rough

surfaces but are less precise. Because of the large
spectral bandwidth of the source, the coherence
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length is short, and high-contrast fringes are ob-
tained only when the two path lengths of the inter-
ferometer are closely matched in length. The
interference intensity distribution along the vertical-
scanning direction, here called a correlogram, is at-
tenuated by the coherence envelope with its peak
~best-contrast fringes! at approximately the best-
focus position.

There are many algorithms16–22 for finding the co-
herence peak that lead to improved height resolution.
To keep the time required for measuring and com-
puting reasonable when measuring deep surfaces, it
is necessary to sample the correlograms at or below
twice the Nyquist frequency. However, these algo-
rithms do not provide correct surface heights when
the object being measured has a steplike discontinu-
ity with a height less than the coherence length of the
broadband light source.23 A diffraction effect at the
discontinuity causes the coherence envelope of the
correlogram to skew and the peak to shift. This
false information is referred to as bat wings because
of its appearance in plotted measurements. The
surface heights processed by well-established
coherence-peak-sensing algorithms14,15,17,19,22 appear
to be higher ~lower! when close to the top ~bottom! of
he step discontinuity, as shown in Fig. 1. It can be
hown that diffraction effects modify the coherence
nvelope more than the phase23 of the correlogram.

Thus phase measurement is preferred when steplike
discontinuities cause bat wings.

It is very natural to arrive at the idea that combin-
ing PSI with coherence-peak sensing might provide
the advantages of both methods, i.e., high precision
and a large dynamic range, and, in addition, over-
come the bat-wing effect. Larkin18 and Sandoz et
al.24 proposed white-light phase-shifting interferom-
1 May 2000 y Vol. 39, No. 13 y APPLIED OPTICS 2107
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etry25 ~WLPSI! to achieve unambiguous and
anometric-resolution measurement of objects.
heir idea is that one can find the best-focus frame
osition by locating the largest modulation-contrast
osition of the coherence envelope of correlograms
nd at the same time measuring the fractional phase
rom the best-focus frame position. Sandoz et al.24

showed great height-resolution improvement when
measuring a tilted smooth surface and a deep silicon
sample. However, to our knowledge, no experimen-
tal results have been reported that show that bat
wings can be removed.

This paper presents a simple WLPSI algorithm
that yields a large dynamic range and high-precision
measurement and removes the bat-wing effect. It
also removes the phase ambiguities that monochro-
matic interferometry and WLPSI are prone to.

2. Phase Measurement from the Coherence-Peak
Position

Two of the earliest-documented automated methods
for determining three-dimensional information from
white-light correlograms are reported in a patent by
Balsubramanian11 and a paper by Davidson et al.12

Fig. 1. Surface profiles of the 460-nm height standard ~VLSI,
SHS 4600 Å! processed by ~a! the centroid algorithm,19 ~b! from the
entroid of the recovered modulation contrast by the Fourier trans-
orm algorithm,14 ~c! from the centroid of the recovered modulation

contrast by the Hilbert transform algorithm,15 ~d! from the phase
slope in the Fourier domain.17,22
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Today, there are at least 10 different metrology com-
panies competing in this growing market. Although
a considerable number of papers describing
algorithms13–22 that retrieve three-dimensional infor-
mation from white-light correlograms exist, not all
have been published in detail.

The main concern in correlogram analysis is how to
find the coherence peak from the discrete intensity
data points without limiting the height resolution to
the scanning-step distance.16–22 For the purpose of
further improving the height resolution the phase
information, called the fractional phase, in a white-
light correlogram is extracted from the best focus, i.e.,
the highest-contrast axial-scanning position, by use
of the PSI algorithms proposed in WLPSI techniques.
The phase information is expected to be more sensi-
tive to height variations18,24–26 than are any of the
coherence-peak-sensing techniques. The measured
fractional phase from the best-focus frame26,27 may
result in 2p phase ambiguities and has to be un-
wrapped to retrieve height information, which is an
essential step in WLPSI methods. Sandoz et al.24

introduced a fringe-order function to remove the 2p
ambiguities that shows well-separated values for dif-
ferent fringe orders when the correlogram has such
low noise that the assumption of local linearity of the
coherence envelope is valid.

In this paper a more intuitive way to correct 2p
mbiguities is proposed. Two profiles are obtained,
ne from the coherence-peak-sensing technique and
he other from phase measurement at the best-focus
rame position. The two profiles are compared, and
he phase ambiguities are removed, as described in
ection 3. It is necessary to obtain a good profile

rom the coherence-peak-sensing technique to ensure
hat the unwrapping process works.

There are two ways to find the coherence-peak po-
ition between frames from the recovered discrete
odulation-contrast data sets. One is a least-

quares fitting method16,18 that assumes a function
form for the coherence envelope from the source dis-
tribution. The other is calculation of the cen-
troid14,15,19 of the correlogram. These two methods
yield identical results for ideal noise-free correlo-
grams. However, Larkin18 showed that the centroid
is more susceptible to noise. We show in Fig. 2~b! an
xample whose correlogram centroid is not a good
stimator for the best-focus position. The centroid of
he coherence-envelope function may shift away from
he envelope peak at positions on or close to a discon-
inuity.23 If the centroid shifts away from the

coherence-envelope peak the obtained fractional
phase may contain false information. As a result,
the phase measurement should be taken from the
actual coherence-peak position rather than from the
centroid position.

3. Phase-Unwrapping Algorithm

To measure the fractional phase from the best-focus
frame position, we first have to find the frame posi-
tion with the maximum modulation contrast of the
correlogram. The modulation contrast M at each
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pixel is calculated in accord with expression ~2! at
ach step of scanning18,28:

M2 } ~I2 2 I4!
2 2 ~I1 2 I3!~I3 2 I5!. (2)

The phase step a between frames is adjusted to 90° ~a
canning step of D 5 l#y8, where l# is the mean wave-
ength! or to 270° ~a scanning step of D 5 3l#y8!. I1

through I5 are five consecutive frames of intensity
data measured for each pixel, as shown in Fig. 3.

Fig. 2. Typical correlograms and their coherence envelopes obtain
the step edge. The peak position is 48.77, and the centroid posi
position is 50.80, and the centroid position is 50.91.

Fig. 3. Correlogram and its retrieved phase information obtained
while the optical path difference is scanned. The filled circles
indicate five consecutive intensity data points separated by a 90°
phase shift ~the scanning step is D 5 l#y8!; the open circles indicate
five consecutive intensity data points separated by a 270° phase
shift ~the scanning step is D 5 3l#y8!. The term Df is the relative
phase from the best-focus position, and Na is the absolute best-
focus position.
When the modulation is at its maximum the best-
focus scanning-frame position ~step number! is deter-
mined. Then the phase difference Df between the
ero optical path difference and the best-focus scan-
ing position is evaluated by use of a five-frame al-
orithm:

tan~Df! 5 2 sin a
I2 2 I4

2I3 2 I5 2 I1
, (3)

sin2 a 5
4~I2 2 I4!

2 2 ~I1 2 I5!
2

4~I2 2 I4!
2 . (4)

The surface height is then expressed as

zphase~x, y! 5 D~step number! 1
f
2 SDfl#

2p D , (5)

where f is the so-called numerical-aperture ~NA! fac-
or. The NA of an interferometric microscope objec-
ive can affect the fringe spacing and thus the surface
eights measured with that objective.29,30 The NA

factor in Eq. ~5! takes care of this effect.
Sandoz et al.24 point out that the phase ambiguity

in Eq. ~3! can be avoided if the central intensity I3 is
recorded within the zero-order fringe. However, it is
difficult to ensure this condition, especially for the
270° phase step between frames. Thus Eq. ~5!
hould be rewritten as

zphase~x, y! 5 D~step number! 1
f
2 F~Df 1 2kp!l#

2p G ,

(6)

where k is the fringe order that has to be determined
in the unwrapping process.

In this paper, we propose the removal of the phase

use of the Mirau interference microscope: ~a! Positioned far from
is 48.75. ~b! Positioned on or close to the step edge. The peak
ed by
tion
1 May 2000 y Vol. 39, No. 13 y APPLIED OPTICS 2109
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ambiguity from zphase~x, y! by introducing a surface
rofile, zenvelope~x, y!, that is obtained from a

coherence-peak-sensing technique as a reference.
One can calculate the reference surface profile by first
finding the best-focus frame. Then the peak location
of the coherence envelope is calculated from the best-
focus frame by use of least-squares fitting of the mod-
ulation contrast.18 Therefore our reference profile
can be expressed as

zenvelope~x, y! 5 D~step number! 1 Dz, (7)

where

Dz 5 0.4D
L1 1 3L2 2 3L4 2 L5

L1 2 2L3 1 L5
(8)

and Ln represents the logarithm of the modulation-
contrast value Mn. The small correction Dz is im-
portant to ensure that the phase-unwrapping process
works. Simply comparing the surface profile
zphase~x, y! with the other surface profile zenvelope~x, y!
can lead to the removal of the 2p ambiguity @~ fy2!l# in
height# from zphase~x, y!, and the resultant height
resolution is as good as that obtained through regular
PSI.1–5

The 2p phase ambiguities can be removed in three
steps. In the first step the phase-unwrapping pro-

Fig. 4. Processed surface profile of a 460-nm height standard
~VLSI, SHS 4600 Å!: ~a! The energy distribution along the pixel
positions. ~b! The surface profile obtained by use of Eq. ~7!. ~c!
The surface profile obtained by use of Eq. ~5!. ~d! The resultant
unwrapped surface profile.
110 APPLIED OPTICS y Vol. 39, No. 13 y 1 May 2000
cess should start from a reliable position, for exam-
ple, by use of the modulation contrast of correlograms
as an indicator of a smooth surface. However, we
found that integrating the energy through the verti-
cal scan shown in Fig. 4~a! could be a better indicator
of a surface with discontinuities to avoid suspicious
positions. The energy reduction is clear at positions
close to the edges in the height standard @VLSI, SHS
~step-height standard! 4600 Å#, which has a 460.6-nm
step and same-height wells on the surface. For this
particular sample the unwrapping is done from the
relatively high-energy positions to the energy mini-
mums, as illustrated by the arrows in Fig. 4~a!. Fig-
ures 4~b! and 4~c! show the surface profile calculated
from Eq. ~7! and Eq. ~5!, respectively. Bat wings are
significant in the coherence-peak-sensing technique,
as expected, because the coherence length of the light
source31 is larger than the step height. We can
clearly see at this point that the integrated energy is
a very good indicator of the possibility of the existence
of bat wings.23

In the second step, zphase~i! and zenvelope~i! are com-
pared at the lateral position i to see if the height
difference between them is less than than ~ fy4!l# , i.e.,

uzphase~i! 2 zenvelope~i! 1 offsetu #
f
4

l# . (9)

f condition ~9! is not satisfied ~ fy2!l# needs to be
added to or subtracted from the surface height ob-
tained from Eq. ~5! until the condition is met. The
offset can be estimated if the average is taken of the
difference of the two surface profiles, i.e., offset . 1yN
¥i51

N @zenvelope~i! 2 zphase~i!#. The offset takes care of
the constant phase shift on reflection, although we do
not need to know it or to measure it. The process
described by relation ~9! is effective for the continu-
ous portion of the surface but cannot remove the 2p

Fig. 5. Experimental setup with the Mirau interference micro-
scope ~Veeco, Model WYKO NT-2000!. A broadband light source

ith a center wavelength of 600 nm and a bandwidth of 80 nm is
sed. PZT, piezoelectric transducer.



Fig. 6. Surface profile of a ball bearing obtained by use of 90° white-light phase shifting: ~a! Determined with the coherence-peak-
sensing technique with Eq. ~7!. ~b! Determined with Eq. ~5!. ~c! Final result after 2p phase correction.
Fig. 7. Surface profile of a ball bearing obtained by use of 270° white-light phase shifting: ~a! Determined with the coherence-peak-
sensing technique with Eq. ~7!. ~b! Determined with Eq. ~5!. ~c! Final result after 2p phase correction.
1 May 2000 y Vol. 39, No. 13 y APPLIED OPTICS 2111
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Table 1. Surface-Roughness Parameters of a Ball Bearing for

2

jumps at positions close to the edges because of the
bat-wing effect.

The third step in the unwrapping procedure is
taken to remove the bat-wing effect. For the posi-
tions at which the height difference between two ad-
jacent points in zenvelope is smaller than ~ fy4!l# and
the difference in zphase is larger than ~ fy4!l# , such that

uzenvelope~i! 2 zenvelope~i 2 1!u ,
f
4

l# ,

uzphase~i! 2 zphase~i 2 1!u .
f
4

l# , (10)

~ fy2!l# is added to or subtracted from zphase to satisfy
the conditions

uzenvelope~i! 2 zenvelope~i 2 1!u ,
f
4

l# ,

uzphase~i! 2 zphase~i 2 1!u ,
f
4

l# . (11)

Figure 4~d! shows the surface profile after the full
orrection process. We can see that both the 2p
umps and the bat wings are completely removed.
onsequently, a great improvement in surface reso-

ution is achieved. It is questionable whether the
orrection process described by expressions ~10! and
11! works when the bat-wing height changes by

ore than fl#y4 between data points. The bat wings
sually have a lateral extension over several pixels,
nd the maximum height is less than 200 nm ~Ref.
3! when measured with a white-light source that
as a mean wavelength near 600 nm. Therefore we
an assume that the bat wings introduce an error to

Fig. 8. Camera image of the step-height standard ~VLSI, SHS
4600 Å!. Note the structure close to the step edge.

Two Algorithms

Algorithm

90°
Phase

Shifting
~nm!

270°
Phase

Shifting
~nm! Rms

Deviation
~nm!Ra Rq Ra Rq

Coherence-peak sensinga 36 45 41 56 68
Phase shiftingb 9 11 14 16 14

aBased on Eq. ~7! in Ref. 18.
bBased on Eq. ~5! after unwrapping.
112 APPLIED OPTICS y Vol. 39, No. 13 y 1 May 2000
he height difference between two adjacent data
oints of less than fl#y4 for most cases.
At this point it is prudent to discuss situations in
hich the proposed method works and those in which

t does not. As was mentioned above, this method
equires a good surface profile from the coherence-
eak-sensing measurement, which should not be ran-
omly off by more than fl#y4. In other words, if the
urface profile calculated by use of Eq. ~7! is not
eaningful the proposed algorithm probably will not
ork well. One situation in which the algorithm
oes not work well is with periodic structures like
ratings that diffract the illuminating light away
rom the system so that the signal-to-noise ratio is so
ow that it is difficult to produce the correct surface
rofile from the modulation contrast of the correlo-
rams.

4. Experimental Results

Experiments were carried out with a Mirau interfer-
ence microscope ~Veeco, Model WYKO NT-2000!, as
llustrated in Fig. 5. A Nikon 503 magnification
bjective ~NA 5 0.55! was used because bat-wing
ffects are significant for large NA’s.23 Correlo-

grams were detected by a CCD video camera. A
piezoelectric transducer ~Queensgate Instruments,

odel NPS-Z-15B, stage position! was used instead
f the high-precision motor in the commercial version
f the Model WYKO NT-2000 for vertical scanning.
he piezoelectric transducer was used because
qually spaced scanning steps between frames are

Fig. 9. Processed surface profile of the step-height standard
~VLSI, SHS 4600 Å!. The measurement was performed with an
80-nm bandpass filter at the center wavelength of 600 nm: ~a!
The profile obtained by use of the regular coherence-peak-sensing
algorithm.18 ~b! The profile obtained by use of the proposed white-
light phase-shifting algorithm.
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required to minimize phase-shifting errors.1,2 A
igh-precision motor can be used for scanning
hrough samples that have surface structures larger
han millimeters as long as the errors caused by the
otor have been measured and can be removed by

ignal-processing techniques.3,4,18,28,32 The broad-

Fig. 10. Processed surface profile of the step-height standard
~VLSI, SHS 4600 Å!. The measurement was performed with an
unfiltered tungsten light source: ~a! The profile obtained by use of
the regular coherence-peak-sensing algorithm.18 ~b! The profile
obtained by use of the proposed white-light phase-shifting algo-
rithm.

Fig. 11. Processed surface profile of the step-height standard ~V
bandpass filter at the center wavelength of 600 nm: ~a! The x profi
69!. ~c! The x profile and ~d! the y profile of a small bump at pos
band light source was either an unfiltered tungsten
bulb or a filtered source with a center wavelength at
600 nm and an 80-nm bandwidth. The former gives
better resolution in the coherence-peak-sensing
technique,5,11–22 and the latter is preferred for PSI1–5

with high-magnification objectives.
Figures 6 and 7 present measured surface profiles

of a ball bearing, which cannot be measured by the
regular phase-shifting technique with high-
magnification objectives because the objective’s depth
of focus is less than the depth of the sample. Figures
6~a! and 7~a! show the results obtained by use of the
coherence-peak-sensing technique according to Eq.
~6!, Figs. 6~b! and 7~b! show the raw output obtained
by use of Eq. ~5!, and Figs. 6~c! and 7~c! show the final
esult after 2p phase correction with the algorithm
roposed in Section 3.
Table 1 summarizes the roughness average Ra and

the rms roughness Rq, which are defined as

Ra 5
1
N (

i51

N

uz~i! 2 zfit~i!u, (12)

Rq 5 H1
N (

i51

N

@z~i! 2 zfit~i!#
2J1y2

, (13)

where zfit is found by the fitting of the sag equation to
the mean averages of the surface heights of Figs. 6~a!,
~c!, 7~a!, and 7~c!. The rms deviations for different
echniques between the 90° and the 270° phase-shift
esults are estimated and listed in Table 1 and can be
n indicator of the repeatability of an algorithm.
he numbers here do not give the absolute accuracy

or the method proposed. They indicate that indeed
he height resolution can be improved by use of the
roposed algorithm as compared with the resolution
f the regular coherence-peak-sensing technique.

SHS 4600 Å!. The measurement was performed with an 80-nm
d ~b! the y profile of the hole close to the step edge at position ~346,
~104, 96! far toward the left-hand side of Fig. 8.
LSI,
le an
ition
1 May 2000 y Vol. 39, No. 13 y APPLIED OPTICS 2113
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ferometers,” in Optical Shop Testing, D. Malacara, ed. ~Wiley,

2

As was stated in Section 3 the proposed method is
capable of removing the bat wings and revealing the
surface structure on or close to the edges. A step-
height standard ~VLSI, SHS 4600 Å! measurement

as conducted to demonstrate this effect. The cam-
ra images of the step are shown in Fig. 8. Figures
and 10 show the processed profiles obtained by use

f the method proposed in this paper for filtered and
nfiltered tungsten sources, respectively. The sur-
ace profiles from the regular coherence-peak-sensing
echnique are also shown in Figs. 9 and 10 for com-
arison. The height-resolution improvement is ob-
ious, and the bat wings are completely removed. In
ig. 8 on the left-hand side ~lower side of the step!
here are two defects on the surface that have the
ppearance of stains. With the new method the two
efects were characterized as a hole and a bump; such
hape determination not possible with either the
oherence-peak-sensing technique or the phase-
hifting method by itself.
A detailed analysis is shown in Fig. 11 that was

btained by use of Veeco’s software WYKO Vision32.
he hole close to the step was found to measure 55
m, and the bump far to the left-hand side was found
o measure 7 nm. The results powerfully prove the
dvantages of the proposed WLPSI technique: high
esolution and a large dynamic range.

Each month several papers are published on new
lgorithms for surface metrology, and the most im-
ortant claim in many of these papers is how rapidly
he algorithm can acquire and process surface infor-
ation. From Section 3 it is clear that the compu-

ation time required for the WLPSI method proposed
n this paper is the sum of the time for regular
oherence-peak-sensing and phase-shifting calcula-
ions. Efforts in surface metrology over the past 30
ears have yielded fast algorithms for calculating
urface profiles by both the coherence-peak-sensing
nd the phase-shifting techniques, so the combined
ethod proposed here is guaranteed to be a fast al-

orithm for practical requirements.

5. Conclusions

We have shown the advantages of using a white-light
phase-shifting technique that possesses the accuracy
of regular PSI without the ly4 dynamic-range limi-
tation. A simple phase-unwrapping algorithm has
been proposed and applied to a 460-nm square well, a
ball bearing, and a 460-nm step-height surface. The
algorithm can remove the bat-wing effect and reveal
surface structures that are close to the step edge.

The authors thank Veeco Corporation for providing
the Mirau interference microscope ~Model WYKO
NT-2000!. We also wish to thank Bob Knowlden of
Veeco Corporation for helpful suggestions and discus-
sions.
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