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ABSTRACT

Multiple-wavelength interferometric techniques have been successfully used for large step-height and large deformation
measurements. Also it could resolve the step height between smooth and rough surfaces which is not possible with single
wavelength interferometry. Temporal phase shifting algorithm, which requires a phase shifter such as PZT, has been
widely used for accurate phase evolution in interferometry. The phase shifter needs to be calibrated at every wavelength
if multiple wavelengths are used for measurement, it is a time consuming process. If phase shifter is not calibrated
accurately, it can introduce phase shift errors. In this work, we will discuss various phase shifting algorithms, and their
tolerance for phase shift error. And the applications of higher-order phased shifting algorithms will be presented. The
study is useful for multiple-wavelength and white light interferometry where more than one wavelength is used for
optical phase measurements.
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1. INTRUDUCTION

Interferometry is a non-contact high-sensitive optical tool for optical metrology. It is widely used in all kinds of scientific
and engineering applications for making accurate measurements. It can measure surface roughness, surface deformation,
step height or depth on the surface, surface/sub-surface defects, refractive index, vibration modes of mechanical
structures, etc. [1-6] Interferometry can inspect smooth (reflective) and rough (speckled) objects under static, quasi-static
or dynamic conditions [7-11]. In case of smooth surfaces, interference fringes are directly generated if there is an optical
path difference between the object and reference arms. But in case of rough surfaces, to generate fringes the speckle
pattern before and after deformation needs to be subtracted. The interferometry that can handle rough surfaces is known
as speckle interferometry or TV holography [12]. So in interferometry, the information about the surface is encoded in
the fringe pattern, which represents the phase distribution. By analysing the fringe pattern, qualitative information can be
obtained. For quantitative information and sign of the surface or deformation, the phase information needs to be
calculated from the fringes.

Quantitative fringe analysis methods include single frame methods such as Fourier transform [13], Hilbert transform, etc.
[9, 14-17] and multiple frame methods such as temporal phase shifting, polarization phase shifting etc. [18, 19] A phase
shifting technique converts the fringe pattern into a phase distribution image and it can resolve displacement below
lambda/100. Temporal phase shifting technique (PST) is widely used for static fringe analysis. This approach was
successfully implemented in single wavelength [4], two-wavelength [20-23], three-wavelength [24, 25], white light
interferometry [17, 26-30], etc. Single wavelength measurements are accurate, but using one wavelength greatly limits
the wide spread applications of interferometry. The major drawback associated with such techniques is that the
unambiguous step-height measurement range is limited to half-a-wavelength (A/2) and also shape of rough surface
cannot be obtained. So later to overcome these problems, two or more wavelengths were used in advanced
interferometers. These multiple wavelength methods can extend the unambiguous range of interferometer for step-height
measurement, can reveal the shape of speckled surface, and also allows large deformation measurements. To implement
PST, a calibrated PZT is used to introduce known phase shift between object and reference beams. The phase shift is
wavelength dependent, i.e., if wavelength is changed the PZT need to be recalibrated. If single wavelength is used for
measurements, PZT can be precisely calibrated for phase shift and use simple monochrome CCD to acquire fringe
pattern. But if two or three laser wavelengths are used for phase measurement, the PZT needs to be calibrated at each
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wavelengths which otherwise introduces a phase shift error at other wavelengths. If white light is used it is even difficult
to calibrate the PZT at all the wavelengths. The use of colour CCD makes it possible to implement temporal PST in
white light interferometry [30, 31]. To compensate for the phase shift errors, several phase shifting algorithms were
developed. In this we will discuss the widely used phase shifting algorithms, their tolerance for phase shift errors and
their applications in multiple-laser interferometry and white light interferometry.

2. TEMPORAL PHASE SHIFTING ALGORITHMS

Interferometer generates fringe pattern related to the surface of the test object. The fringe equation contains three
unknowns: the amplitude of the reference beam, the amplitude of the object beam, and the phase difference between
object and reference beams. So, three equations are required to solve the interference equation for phase difference, it is
related to the parameters of interest, i.e., surface height, deformation etc. The interference between the smooth reference
and object beams results in a visible fringe pattern which can be written as

I=1 (1)
where 1, is the bias intensity, V is the fringe contrast, ¢ = (4m/A)z is the phase at the wavelength 4, z is the profile
height or depth. The intensity distribution of fringes obtained at multiple wavelengths can be written as

)
where ¢; = (4m/4;)z is the phase at A;. Implementing phase shifting technique requires three or more frames for desired
phase calculation. The intensity distribution of phase shifted frames at multiple-wavelengths can be written as [32, 33]

©)

where N is the number of the phase shifted frames, and «; is the phase shift at ;. Depending on the algorithm type, the
phase shifted frame are store. For example, to implement 8-step algorithm, eight phase shifted frames at 0, /2, &, 37/2,
2m, 5n/2, 3w, 7n/2 phase shift. The phase shifting formulas 3-step to 8-step for n/2 phase shift are discussed in detail in
Ref. [31, 34-38]. The type of algorithm and their tolerance for phase shift error are listed in Table-1. The algorithms 3, 4a
provide zero tolerance, on the other hand 8-step algorithm shows maximum +20% tolerance [21, 24, 25].
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Table 1. Types of phase shifting algorithms, phase evaluation  Fig. 1. Peak-to-valley (P-V) phase error in the calculation of phase
equations, and their percentage tolerance for phase shift error. due to phase shift error in different algorithms. Tolerance for
The phase shift chosen here is n/2. phase shift error is maximum for 8-step method.




4. MULTIPLE-WAVELENGTH INTEROMETRY

In multiple-wavelength techniques, more than one wavelength is used for surface profiling. Temporal PST was
implemented in white light interferometry [Fig. 2(a)] with RGB CCD camera for surface profiling of large
discontinuities [30]. A typical white light fringe pattern on a tilted smooth surface acquired with a single chip RGB CCD
camera is shown in Fig. 2(a). Each wavelength in white light, will generate its own pattern, hence the resultant of the
entire fringe pattern looks like an envelope. The system includes a halogen lamp and a 1-chip RGB CCD that has three
spectral bands around red (620 nm), green (540 nm), blue (460 nm). The halogen lamp can generate broad band, but the
wavelengths are selected by the CCD. To implement phase shifting technique, the PZT attached to the Mirau objective
was calibrated for n/2 phase shift at 560 nm. If a phase shifter (such as PZT) is calibrated for a known phase shift of
90 at wavelength A.,;, and same motion of the PZT is used for other wavelengths (3;), then the phase error introduce at
all other A; wavelengths can be expressed as o; = (A¢q1/21)90° . The PZT is calibrated at A2 = 560 nm for phase shift 02
= 90°. Then, the phase shift values become al = (A2/A1) 90° = 78.4° for A1 = 620 nm and a3 = (A2/A3) n/2 = 105.7° for A3
= 450 nm. Here the maximum error involved is ~16° which can be compensated by using eight step algorithm (Table-1).

Similarly, eight algorithm can be used for phase calculation in multiple-wavelength laser interferometer [Fig. 2(b)]. It
can provide shape as well as large deformation measurements. The system includes three lasers (He-Ne laser@632.8 nm,
Nd:YAG laser@532 nm, He-Cd laser@441.6 nm). A typical fringe pattern obtained by simultaneously illuminating all
three R, G, B coloured wavelengths on a tilted smooth surface is shown in Fig. 2(b). To implement temporal PST here,
the phase shifter is calibrated for phase shift 7/2 at 532 nm. Then, the phase shift values at 632.8 nm, 441.6 nm become
75.7°, 108.4° respectively. So here the maximum error involved is ~18° which can be compensated by 8-step algorithm.
Thus the phase shift algorithm can be chosen based on the amount of phase shift error expected during phase shifting
from the nominal value of n/2. Phase shift errors as large as 20° can be compensated using 8-step algorithm.
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Fig. 2. Schematic drawing of colour CCD camera based (a) Mirau white light interferometer, and (b) multiple-wavelength laser
interferometer. Here SF- Spatial filter setup, CL- collimating lens, BS- Beam splitter, PZT- Piezoelectric transducer, MO-
Microscopic objective, RM- Reference mirror, PBS- Partially reflecting beam splitter. Here, A1 = 632.8 nm (Red laser), A2 = 532 nm
(Green laser), A3 = 441.6 nm (Blue laser).

4. MEASUREMENT OF TILT ON SPECKLE SURFACE

The system in Fig. 2(b) was demonstrated for the tilt measurement on a rough surface. A flat rough sample was placed
in the system and was illuminated by the three lasers simultaneously. Speckle patterns before and after tilting the sample




were acquired using colour CCD camera. The use of colour CCD allows simultaneous illumination and it makes the data
acquisition simple. After separating the speckle patterns at individual wavelengths, the corresponding wrapped phase
maps were calculated using 8-step algorithm to compensate for the phase shift error involved. The phase maps at
individual wavelength are shown in Figs. 3(a-c). If tilt is small, i.e., less number of fringes then single wavelength phase
provides accurate phase profile. If the tilt is large, i.e., more number of fringes at single wavelength sometimes may
result in ambiguity. In such cases, the individual phase maps are subtracted to generate phase maps at effective
wavelengths as shown in Figs. 3(d,e). In phase subtraction method, the phase at one wavelength is subtracted from that
of the other to generate phase at an effective wavelength A;, (= A;4,/[11,—15]) [22, 39]. The effective phase is then
unwrapped to get the continuous phase map which is shown in 3D mesh plot [Fig. 3(f)]. The line profile across the
sample is shown in Fig. 3(g) which has maximum tilt ~11.8 pum. In out-of-plane configuration this tilt corresponds to
~44 fringes at 532 nm.
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Fig. 3. Measurement of large-tilt on rough sample using multiple-wavelength laser interferometry: wrapped phase maps corresponding
to interferograms at (a) 441.6 nm, (b) 532 nm, (c) 632.8 nm, wrapped phase maps at effective wavelength (d) 3.34 um, (e) 11.71 um,
(f) 3D tilt profile, (g) line scan profile showing large tilt ~11.8 um, which corresponds to approximately 44 fringes at 532 nm.

5. CONCLUSIONS

In this article, we discussed various phase shifting algorithms, and their tolerance for phase shift error. The lower-order
algorithms such as 3 and 4a step methods provide zero tolerance for phase shift error, whereas 4b, 5 methods show +3%,
6, 7 methods show +10%, and 8-step method provides £20%. Here 3-step and 4a-step, require less number of frames for
phase calculation but the PZT need to be calibrated accurately which otherwise introduces error in the final phase.
Calibrating PZT accurately may be time consuming process. If PZT is calibrated for single wavelength, phase shift error
involved is less, and then 5-step method would be sufficient. Phase shift errors as large as 20° can be compensated using
8-step algorithm. For RGB interferometry where large errors are expected, 8-step would be useful. Thus the phase shift
algorithm can be chosen based on the amount of phase shift error expected during phase shifting from the nominal value
of n/2. Tilt measurement on rough surface with multiple-wavelength (RGB) laser interferometer was demonstrated using
8-step method.
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