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Abstract. We propose a common-path two-wavelength interferometric
system based on a single optical element, a Savart plate, that is able to
obtain single-shot profile measurements with submicron precision from
safe working distances �beyond 100 mm�. These characteristics make
this sensor ideal for surface inspection in on-line applications. For the
illumination branch, two lasers with close wavelengths are combined and
then passed through a rotating holographic diffuser for drastic speckle
reduction. In the acquisition branch, the interferometric signals of both
wavelengths are captured simultaneously by a camera, and their phase
signals are combined to extend the measurement range. © 2010 Society of
Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3321709�

Subject terms: profiling; shearing interferometry; Savart plate; phase
measurement; multiple-wavelength interferometry.
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Introduction

haracterization of surface profiles with submicron preci-
ion in industrial environments is crucial for surface inspec-
ion and quality control in many industries such as steel or
eramics. Surface defects, as well as the overall shape of
he surface, determine its quality; flatness, waviness, or
oughness, for instance, are important parameters for qual-
ty assessment,1 and they usually have to meet strict re-
uirements. In these cases, on-line measurement of the sur-
ace topology in the production line would result in evident
enefits in quality control and process feedback.

As is well known, common-path interferometric systems
re ideal for on-line industrial applications due to their sim-
licity, high stability, low cost, and immunity against vibra-
ions and harsh environmental conditions �see for instance
ef. 2�.

Our system is based on shearing interferometry and re-
embles conoscopic holography,3 but uses a Savart plate as
shearer instead of a conoscope, as suggested by Haüsler

t al.4 The setup includes triangulation between the illumi-
ation and detection branches, so that not only the fre-
uency but also the phase of the resulting signal depends on
he distance between the detection plane and the light emit-
ing point. By measuring the phase instead of the fringe
requency, resolution is increased by at least one order of
agnitude.5

As laser light is used as illumination, the system is af-
ected by speckle noise. Reducing speckle to increase pre-
ision is required in this kind of system, and has already
een addressed in Ref. 6. Adding speckle reduction resulted
n measurements with precision below one micron from
orking distances beyond 100 mm.
However, an additional problem arises in this case. The

091-3286/2010/$25.00 © 2010 SPIE
ptical Engineering 023602-

Downloaded from SPIE Digital Library on 25 Feb 2010 to 6
use of the phase information reduces the maximum steep
that can be measured without ambiguity, as it is only pos-
sible to obtain correct measurements when the distance
steeps are below half the period of the interferometric sig-
nal. With current setups, which provide high resolutions,
this means that steeps as small as one micron may be in-
correctly measured, which in turn might become unaccept-
able for most applications �except maybe for mere defect
detection�. This is a common problem with all phase-
measurement techniques, as the phase values are limited to
the interval �0,2��.

A possible technique to overcome this limitation is
based on the use of more than one wavelength,7–10 so that
the unambiguous region is extended to half the equivalent
wavelength, which can be calculated as:

�eq =
�1�2

��2 − �1�
. �1�

Thus, the use of closer wavelengths provides a higher
range and less sensitivity to chromatic aberrations, but
noise is also amplified, as it is also scaled by a factor in-
versely proportional to the wavelength difference. There
have been some attempts to minimize this effect �see for
instance Ref. 7�. Another issue that usually limits the prox-
imity of these wavelengths is that it might be difficult to
separate correctly the information from both signals in the
presence of noise or, alternatively, to extract the phase in-
formation at the synthetic equivalent wavelength �eq as its-
related frequency peak in the spectrum may lie too close to
the low frequencies, and therefore can be difficult to distin-
guish from noise caused, for instance, by uneven illumina-
tion. Although well known from some time, there is still a
lot of research and development in the area of two- and
February 2010/Vol. 49�2�1
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ultiple-wavelength interferometry to extend the unam-
iguous range in the measurement of height steps of dis-
ontinuous objects.11,12

Our approach combines two laser sources of different
avelengths and passes the resulting beam through a rotat-

ng holographic diffuser to reduce speckle noise. A laser
ine is projected onto the object under inspection, and the
avart plate, sandwiched between two polarizers, divides

he reflected wavefront in two �corresponding to ordinary
nd extraordinary rays�, which interferes in the detection
lane. A cylindrical lens is used to obtain the signal corre-
ponding to the whole profile in a single frame �see Fig. 1�.

In the resulting signal, the beat phenomenon �a typical
ow frequency envelope that appears when two sinusoidal
ignals are combined� is observed. Two peaks, one associ-
ted with each wavelength, appear in the frequency do-
ain, making it possible to extract both phase signals from
single pattern. These phase signals can be combined to

ncrease the maximum slope measurable without ambigu-
ty.

In this work the theoretical background of this system is
utlined, the signal processing is discussed, and experimen-
al results with a laboratory prototype are analyzed. Cur-
ently, we have obtained submicron precision from dis-
ances beyond 100 mm in profiles 12 mm long, but the
ystem is easily scalable to meet other application require-
ents. Also, phase objects should be measurable with a

onvenient reference surface.

Working Principle
igure 1 shows the schematic diagram of the dual-
avelength interferometer based on a Savart plate. The ex-
erimental prototype sensor consists of two lasers of 685
nd 660 nm with powers of 50 and 100 mW, respectively,
ith external power control. In this way it is possible to

djust the power of the individual lasers so that two clear
eaks about the same amplitude appear in the frequency
pectra. Also, it is simple to adapt the power according to
he reflective properties of the surface, and to use just one
f the wavelengths if necessary.

The wavelengths are chosen so that they are close
nough to provide an important improvement in the mea-
urement range over the individual phase signals, while still
eing correctly identified in the frequency domain when
erforming signal processing. Both the illumination and ac-
uisition branches work at a distance of 100 mm from the

Laser 1

CCD

Savart Plate

Rotating diffuser

Collimating, focusing and line
generation

α
Polarizers

Cylindrical Lens

La
se
r2

Beam splitter

Specimen

ig. 1 Schematic working principle of the two-wavelength interfer-
meter prototype.
ptical Engineering 023602-
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test specimen, which is mounted on a precision stage �not
shown� with lateral movement for 3-D scanning.

Both incident beams are combined together in a beam-
splitter and passed through a rotating holographic diffuser
with a small diffusion angle �0.5 deg�. This provides better
performance than usual ground-grit diffusers. There are less
power losses and the resulting beam is easier to focus,
while still providing good speckle reduction. The resulting
beam is transformed into a line by a line generation lens,
and projected onto the inspected sample.

The reflected light is passed though a Savart plate,
which is made up of two birefringent crystals of equal
thickness cemented together and rotated 90 deg with re-
spect to each other. An incident beam propagating through
the first crystal is divided into ordinary and extraordinary
beams displaced from each other. In the second crystal, the
ordinary beam becomes an extraordinary beam, and vice-
versa. The result is two emerging beams displaced along a
diagonal. This displacement, or shear, can be calculated as
0.075 times the total thickness of the plate if they are manu-
factured with calcite, which is the case in this prototype.
We use a Savart plate with a thickness of 7 mm, which
provides a total shear of 0.525 mm.

2.1 Fringe Formation for a Single Source
If the Savart plate is sandwiched between two polarizers
aligned at 45 deg to the optical system, an input beam pro-
duces a set of parallel fringes in the detection plane. The
density �or frequency� of these fringes varies linearly with
the distance between the detection plane and the light-
reflecting point. This frequency f follows the equation:

f =
s

�z
, �2�

where s is the shear, � is the wavelength of the source, and
z is the distance between the specimen and the observation
plane. Due to the triangulation in the setup, fringes are also
shifted due to the apparent lateral displacement with dis-
tance variations. Therefore, not only the frequency but also
the phase carries information on this distance, so the equa-
tion that defines the interference signal is as follows:

I = I0�1 + �0 cos�2�
s

�z
+ ��z��� , �3�

where �0 is the fringe visibility and ��z� is the phase,
which varies almost linearly with distance z.

To obtain the measurement of a whole profile in each
frame, our system projects a laser line over the specimen. A
cylindrical lens is used to record a fringe pattern in which
each line in the charge-coupled device �CCD� contains the
interference signal for a point in the profile. Thus, by mea-
suring the phase of the cosine signals in each of the CCD
lines, it is possible to obtain relative distance variations in
the profile with at least ten times more precision than using
the frequency, as has been shown in Refs. 5 and 13–15.

2.2 Dual-Wavelength Setup
In this interferometer, the individual effective wavelengths
that define the maximum measurable steep �the distance for
which a 2� jump occurs in the phase signal� do not only
February 2010/Vol. 49�2�2
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epend on the wavelength of the illuminating source, but
lso on the triangulation angle and the fringe frequency.

The triangulation angle might be difficult to modify
hysically with precision, so it does not seem to be a good
pproach. The fringe frequency can be varied by using two
avart plates of different thicknesses. By having different
ringe spacing, the same lateral displacement due to dis-
ance variations is translated into a different amount of shift
n the phase angle, providing the resulting effective wave-
engths we are looking for. However, the final system might
e complex, and data-matching problems may arise.

Another alternative is using two wavelengths in the illu-
inating source, which is simpler, and so it is the approach

sed in this prototype. This setup provides one single pat-
ern in which the beat phenomenon is observed. In the
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Fig. 2 Obtained fringe pattern for the two-wavelength system.
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Fig. 3 Obtained signal corresponding to colum
phenomenon is observed. �Color online only.�

100 200 300

2000

4000

6000

spatial fre

A
m
pl
itu
de
(a
rb
.u
ni
ts
)

Fig. 4 Detail of the 4096-point Fourier transform
343 appear clearly. �Color online only.�
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modulus of the Fourier transform of each column, two
peaks appear, one associated with each wavelength, making
it possible to extract both phase signals.

We use a 1280�1080-pixel CCD camera rotated 90 deg
to maximize the lateral resolution along a profile, which is
approximately 10 �m per pixel. Each column in the result-
ing pattern contains the cosine interference signal for each
pixel along the profile. The obtained fringe pattern is shown
in Fig. 2, where the beat phenomenon appears. This is
clearer in Fig. 3, where one of the columns of the fringe
pattern is plotted. The frequency spectrum of this line
�shown in Fig. 4� clearly shows two peaks with maxima at
indexes 343 and 331. The ratio between those maxima
�1.0363� strongly agrees with the nominal ratio between the
laser wavelengths of 685 and 660 nm �1.0379�.

It is possible to calculate the improvement factor If in
the measurable range in terms of the ratio between both
wavelengths, as shown in Eq. �4�. In our case, this factor is
slightly larger than 27.

If =
�1/�2

�1 − �1/�2�
. �4�

2.3 Error Sources
By using close wavelengths and getting their data set si-
multaneously, some common sources of error outlined by
Cheng and Wyant7 are reduced. 1. The phase fluctuation
introduced by air turbulence is reduced by the use of two
close wavelengths if their phase fronts are taken from the
same fringe pattern.16 2. There are no data matching prob-
lems. 3. Chromatic variations of the wavefront aberration
introduced by the optical system affect similarly at both
wavelengths, so they almost cancel each other.

$!! $ ! %!! % !  !!   !
'()*

in the pattern of Fig. 2. A low-frequency beat

500 600 700 800
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signal in Fig. 2. Two peaks at indexes 331 and
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Nevertheless, other sources of error still exist and may
ause problems. 1. There is an observed nonlinearity in the
ystem, caused mainly by the optical elements. For in-
tance, small thickness variations in the manufacturing of
he Savart plate introduce differences in frequency along
he profile for a flat reference sample �a silicon wafer�, and
lso variations in the obtained phase front. However, this
hould not pose a big problem for the calibration task. 2.
he Savart plate produces a copy of the wavefront with a

ateral shear without introducing a phase difference only for
ormal incidence. If light incides at a given angle, a sinu-
oidal phase variation appears and is superimposed to the
ctual phase front. False height variations due to this effect
ave a long spatial wavelength, which is usually filtered out
efore performing any roughness analysis or defect detec-
ion, if they are not removed by the calibration process. 3.
he rotating diffuser also introduces errors in the measure-
ent that are added to the general camera noise, loss of

ight, and reflections, among others. 4. Both lasers should
e correctly aligned so that the two generated lines are
uperimposed, otherwise both phase fronts may not corre-
pond exactly to the same profile.

These effects may cause errors in the obtained phase,
hich will be magnified by a factor inversely proportional

o the wavelength difference. This seems to be a common
roblem for all two-wavelength techniques.7

Signal Processing
here are two alternatives for extracting the phase signal at

he equivalent synthetic wavelength �eq, but both heavily
ely on accurately finding the index of the maximum in the
odulus of the Fourier transform for each interference sig-

al �column�. The resulting phase values are the values of
he angle of the Fourier transform at those indexes. For
ncreasing this accuracy, once the maximum inside a search
indow is found, the real value is calculated as follows.

1. Consider i the index of the maximum and vi the value
of the modulus of the Fourier Transform at index i.

2. Use the pairs �i−1,vi−1�, �i ,vi�, �i+1,vi+1� to per-
form a parabolic fitting.
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Fig. 5 Performance of the parabolic fitting to fin
frequency 0.1 cycles per pixel. �Color online on
ptical Engineering 023602-
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3. Get the derivative of the resulting polynomial. Its

root is the new, more accurate index î.
4. Do the same parabolic fitting for the unwrapped

angle values and evaluate the polynomial at î. Alter-
natively, calculate the value of the discrete Fourier

transform �DFT� at î and take the angle. This is the
value of the phase.

This method could find the correct frequency using even
less points in the Fourier transform. For instance, our cur-
rent processing software uses a 4096-point Fourier trans-
form, but we have experimentally proved that using a 2048-
point transform with the previous method results in
identical values for the obtained phase front. Figure 5
shows the performance of this method using a cosine input
signal of 0.1 cycles per pixel. The plots show the frequency
obtained directly as the maxima of several fast Fourier
transforms �FFTs� of different numbers of points, and after
applying the parabolic fitting.

This process should be done for every column in the
fringe pattern to obtain the phase value associated to the
whole profile. The two alternate methods differ on which
frequency is analyzed: the synthetic frequency �due to the
beat phenomenon� or the two frequencies corresponding to
the individual wavelengths.

3.1 Obtaining the Phase at the Beat Frequency
It is possible to work directly with the information at the
beat frequency, as it is done in Ref. 12. The phase can be
calculated as the angle of the Fourier transform at that fre-
quency, as long as it is separable from other lower frequen-
cies �mainly zero�. Figure 6 shows this frequency in our
prototype. As the two wavelengths are close, this frequency
is very low, and the search window for the proposed algo-
rithm should be very small. This leads to errors in the pres-
ence of noise, and also prevents the use of the equivalent
wavelength phase data to correct the 2� ambiguities in the
single-wavelength data, as proposed by Cheng and Wyant,7

as a way to reduce the noise amplification effect discussed
before.
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.2 Obtaining the Phase at Individual Wavelengths
n addition to the peak at the beat frequency, the individual
avelengths produce peaks at higher frequencies. As long

s they can be correctly separated, this information can be
sed to extract the individual phase from the same interfer-
nce signal.

As it was already shown in Fig. 4, two clear different
eaks appear in the frequency spectrum, one associated
ith each laser wavelength. This is an important difference
etween this technique and others in which a single peak at
he average wavelength is found, because it removes the
eed of performing different acquisitions, one for each
avelength, or one with both wavelengths to be processed

t the beat frequency, and another with a single wavelength
o provide better performance in the final measurement.

To obtain the individual phase data, one possible proce-
ure is to search for the maximum in the frequency spec-
rum �inside a window�, get the phase value, filter out that
requency �and a small window around it�, and repeat the
rocess to obtain the phase value for the second wave-
ength. The resulting values should be reordered based on
he index found, if necessary, as the first maximum does not
ecessarily correspond to the same wavelength all the time.

Also, to make the processing more robust, it can take
nto account the fact that the ratio between both indexes
hould be constant and equal to the ratio between wave-
engths. Once the highest peak has been found, we can
earch for the second at given positions �practically a small
indow� at the left or right of that peak. In addition, the
ifference between the ratio of the calculated maxima and
he nominal ratio can be used as a measurement of the
uality of the signal. Local errors can be solved �or at least,
ltered out� if this magnitude falls below a given threshold.

Once the two phase fronts �1�x� and �2�x� have been
xtracted, the phase at the synthetic wavelength ��x� can
e obtained by simple substraction:

�x� = �1�x� − �2�x� . �5�

Repeatability is quite high along the whole profile. Mea-
uring 15 consecutive acquisitions shows an average stan-
ard deviation of �	0.04 �m.

Experimental Results
e performed several experiments to test the behavior of

he prototype shown in Fig. 1. We have not performed a
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Fig. 6 Detail of the 4096-point Fourier transfo
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complete calibration task, but we have experimentally cal-
culated a conversion factor between the phase angle in ra-
dians and the height in microns using reference patterns.

In the first experiment, the prototype was used to per-
form a scanning of two reference objects made of bands of
resin over a silicon wafer substrate. These bands are one
millimeter wide and �approximately� one micron high, with
separations of two millimeters for the first specimen and
one millimeter for the second. Figure 7 shows the resulting
surface map for the first specimen. A small scratch over the
wafer can be seen in one of the borders, as well as other
smaller surface defects. Also, the effects of light diffraction
are observed. Figure 8 shows the phase maps for the second
specimen and how the dual-wavelength system solves the
ambiguities that can be noticed in the single-wavelength
phase maps �where steps sometimes appear inverted or are
hardly noticeable�.

In the second experiment, the target surface was a Ru-
bert Company � Cheshire, United Kingdom� 511 reference

" ! #!! # !
1& -. (!89:*;-., <<=>

the signal showing the frequency of the beat.

Fig. 7 The result of scanning a test object with bands of resin over
silicon with heights of one micron and widths of one millimeter with
separations of two millimeters. Small inclusions and dust can create
diffraction patterns over the obtained surface, which are observable
near the scratch. �Color online only.�
.45 6-.7
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pecimen consisting of a single groove with a depth of one
icron and 100 �m wide. Figure 9 shows detail of the

esulting obtained profile, where the groove is clearly ob-
erved.

Also, a Rubert Company 531 test specimen was
canned. This sample consists of a sinusoidal surface with
n amplitude of one micron and a period of 100 �m. Detail
f the obtained surface map is shown in Fig. 10. This sur-
ace map is quite noisy due to reflections, but the overall
hape and dimensions are correctly obtained. By using just
he part of the resulting map with lower noise, the rough-
ess parameters can be calculated according to ISO 4287
nd compared to the nominal ones �cut off at 0.8 mm� pro-
ided by the manufacturer. Results are shown in Table 1.
ean values agree, but standard deviations are higher due

o the presence of noise. This kind of experiment would
enefit from more sophisticated filtering techniques, but
erves to show the behavior of the sensor, even in this
imiting case.

Finally, a mirror was scanned for surface defects and
esults were checked with a microscope. Figure 11 illus-
rates this experiment. Phase errors appear at the borders of

Fig. 8 Raw phase maps obtained for a test spe
the phase maps for the individual wavelength
equivalent wavelength. x and y axes are in mic

500 1000 1

-1

-0.5

0

m
ic
ro
ns

Fig. 9 Profile of Rubert specimen 511. This s
ptical Engineering 023602-
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the defects when the laser line hits them as the sample
moves in the scanning process. This is probably due to light
scatter or diffraction effects. However, the shapes are quite
correct and the presence of even very small defects is cor-
rectly detected. No postprocessing has been applied to this
phase map.

5 Discussion
Although results are promising, there are still some points
and limitations that should be addressed. First, one of the
more delicate parts of the system is the line generation, as it
is difficult to obtain a thin, well-focused line that is needed
to obtain fringes of good contrast. The main reason is the
speckle reducing system based on a rotating diffuser. More
sophisticated methods will be studied in the future, as well
as the use of other kinds of noncoherent light.

The system is also quite asymmetric, providing very
high precision in depth measurements �below the micron�
but only about 10 �m of lateral resolution �along the pro-
file�. This can be enhanced by using a different type of lens

ith steps of one micron. Plots �a� and �b� show
e �c� shows the combined phase map at the
hile z is in radians.

2000 2500 3000
ns

n consists of a single groove of one micron.
cimen w
s, whil
rons, w
500
micro

pecime
�Color online only.�
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in the acquisition branch �such as macros�, but could nor-
mally mean also reducing the working distance.

Diffraction is another source of error. The phase would
experience variations at any sharp border of the surface due
to this effect. This can alter measurements, usually creating
false peaks and valleys at those borders. We have seen what
seems to be Airy disks in the obtained surface maps from a
flat silicon wafer due to very small defects �inclusions,
scratches, or dust, for instance�. However, this effect can
even be helpful in a system aimed at the detection of small
surface defects.

Finally, although its impact in the measured profiles was
low in these experiments, the effect of a sinusoidal varia-
tion in the phase occurring when the light incidence is not
normal to the Savart plate needs to be taken into consider-
ation. Usually this will happen due to misalignments in the
optical components. The resulting erroneous height varia-
tions along the surface map will exhibit low amplitude and
a low spatial frequency, which is filtered for roughness
analysis or microdefect detection. This variation could also
be compensated �at least partially� in the calibration stage.

We have followed the approach of Häusler et al. given in
Ref. 4 and used a Savart plate, but similar results could be
achieved by other shearing methods.

6 Conclusion
In conclusion, we built a prototype of a common-path in-
terferometer able to obtain a 12-mm profile of a target in a
single frame with submicron precision and from working
distances larger than 100 mm. By using the combination of
two lasers of different wavelengths, the measurable range is
extended and some error sources are minimized. The beat
formation phenomenon is observed experimentally, and the
possibility of obtaining the two phase signals from the
same fringe pattern is shown. The prototype is used to ob-
tain the surface map of several different objects to verify its
capabilities. The repeatability of the measurements is quite
high, with a standard deviation below 0.04 �m.

The main advantages of this system are those of
common-path interferometric methods: low sensitivity to
environmental perturbations, easy setup, and applicability
to a wide range of surface inspection problems. In addition,
it is capable of obtaining a distance profile in a single shot
at frame rate, making it a good choice for on-line inspec-
tion.
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