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Frequency Modulated Multiple Wavelength Parallel Phase Shift

Interferometry

Field of the Invention

The invention is from the field of optics. Specifically the invention is from

the field of phase shift interferometry.

Background of the Invention

Phase shift interferometry (PSI) is a well-established optical technique
enabling high resolution non-contact and fast measurement of the distance
between an object and some arbitrary plane perpendicular to the optical
axis of the system. Based on this capability, PSI enables both tracking and
analyzing the time dependent relative position of an object at a single point
along the optical axis using a single pixel detector, and the three
dimensional (3D) topographical mapping of an object's surface either in a
single shot using an array of detectors or by scanning its surface using a
single pixel detector. Such capabilities are of great importance and have
applications in many scientific fields and in industry requiring fast high
resolution surface mapping or motion tracking/vibrometry, such as the

semiconductor industry, micro-electronics industry, biomedical imaging etc.

In PSI the relative position of the measured points on the surface of the
object is extracted from the phase of the interference signal, which is
extracted from several G.e. 3-4) phase shifted interference signals obtained
by measurements that are performed sequentially or in parallel. Since the
phase can only be determined up to multiples of 2m, the change in an
object's relative position or changes in its topography can be determined
with a certainty only for differences in position that induce less than 2m
change in the phase. In an optical system relying on a single wavelength A

and reflection measurement geometry, this 2o phase change translates to
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differences in position that are up to only A/2 which is relatively short for
optical wavelengths. This limitation cripples the ability to measure
topographies with large height variability and high speed motions. One of
the approaches to resolve this problem i1s using phase unwrapping
algorithms; however they are limited in their accuracy. However, this
limitation can be overcome by performing the interferometric measurements
using several wavelengths (multiple wavelength PSI), either in parallel or
sequentially, and combining them to yield an effective wavelength also
known as a beat wavelength which is much longer than each of the
wavelengths used and can thus lead to better performance even up to
several orders of magnitude. This process and technique have been
presented and discussed in U.S. Patent Application Serial No. 15/260,398
entitled "Multiple Wavelengths Real Time Phase Shift Interference

Microscopy" to the inventors of the present invention.

PSI systems using several wavelengths for topography or movement
measurements are complicated optical systems that require several
detectors and complementary optical equipment in order to measure
sequentially or in parallel the phase shifted interferometric signals for each
of the wavelengths in order to extract the required phase information. In the
sequential measurement, the interferometric signals should be measured for
the different phase shifts and then for each wavelength — this can be time
consuming and can considerably harm the accuracy of the measurement as
the object moves between measurements in addition to the obvious
implication on the measurement rate. In the parallel detection approach,
the different phase shifted interferometric signals should be measured
simultaneously for the different wavelengths and for the different phases for
each of them, requiring a large number of detectors and optics for the

separation or extraction of the different wavelengths.
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It is therefore a purpose of the present invention to provide PSI systems
using several wavelengths that are configured to be used with a simplified

method for performing the multiple wavelength measurement.

Further purposes and advantages of this invention will appear as the

description proceeds.

Summary of the Invention

In a first aspect the invention is a method for performing multiple
wavelength phase shift interferometry (PSI). The method comprises:

a) providing at least one light source, wherein all light sources together
provide N beams of monochromatic light at N distinct wavelengths,
wherein N>2;

b) modulating each of the N monochromatic light beams with a
different carrier frequency;

¢) combining the N monochromatic licht beams into a combined light
beam comprised of the N wavelengths;

d) passing the combined light beam through an interferometer;

e) detecting the combined light beam output signal of the interferometer
using at least one detector configured to detect all N wavelengths;

f) separating, by a process of frequency domain demodulation, the
interferometric signal output by the at least one detector into N
signals, each containing information related to a different one of the
wavelengths;

g) repeating steps "e" to "' for M different specific phase shifts for all N
wavelengths produced by phase modulation optics; and

h) processing the MxN signals to extract phase information for optical

path difference calculations and phase unwrapping.
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In embodiments of the method at least two of the N wavelengths originate
from the same light source and their beat modulation frequencies are chosen

to be much higher than the detector cutoff frequency.

In embodiments of the method the process of frequency domain
demodulation comprises one of:
a) Using N electronic band pass filters; and

b) Fourier analysis.

In an embodiment of the method:

a) in step "d" the interferometer is a two beam phase shift
interferometer;

b) a single detector configured to detect all N wavelengths is used to
detect the combined light beam output signal of the interferometer;
and

¢) in step "g" the phase modulation optics are located in the two beam

phase shift interferometer.

In an embodiment of the method:

a) in step "d" the interferometer is an orthogonally polarized phase shift
interferometer;

b) between step "d" and step "e" the combined light beam output signal
of the interferometer is passed through a beam splitting unit that
comprises achromatic waveplates, polarizers and beam splitting
optics that split the combined light beam into M different phase
shifted channels;

¢) in step "e" the combined light beam is detected with M detectors one
for each of the M channels;

d) step "f' is carried out separately for the output signals from each of
the M detectors; and

e) step "g" is not carried out.
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In an embodiment of the method:

a)

b)

c)

d)

in step "d" the interferometer is an orthogonally polarized phase shift
interferometer;

in step "e" the combined light beam output signal of the
interferometer is detected by a segmented detector comprised of M
segments, wherein a polarizer and a phase retardation mask, each
shifting the phase by a different amount, are located in front of each
segment of the detector;

step "f" is carried out separately for the output signals from each of
the M segments; and

step "g" is not carried out.

In a second aspect the invention is a system for performing multiple

wavelength phase shift interferometry (PSI). The system comprises:

a)

b)

c)

d)
e)

f)

g)

at least one light source, wherein all light sources together provide N
beams of monochromatic light at N distinct wavelengths, wherein
N>2;

components configured to modulate each of the N monochromatic
light beams with a different carrier frequency;

beam combining optics that combine the N monochromatic light
beams into a combined light beam comprising the N wavelengths;

an interferometer;

at least one detector configured to detect all N wavelengths in the
combined light beam output signal of the interferometer;

at least one frequency domain demodulation unit configured to
separate the interferometric signal output by the at least one detector
into N signals, each containing information related to a different one
of the wavelengths;

phase modulation optics configured to produce M different specific

phase shifts for all N wavelengths; and
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h) a processor and display unit comprising software algorithms and
processing, memory, and display components configured to process
the MxN signals to extract phase information for optical path

difference calculations and phase unwrapping.

In embodiments of the system the frequency domain demodulation unit
comprises one of:
a) N electronic band pass filters; and

b) a processor and software configured to perform Fourier analysis.

In embodiments of the system the frequency domain demodulation unit and
the processor and display unit are implemented as a single combined unit

that shares processing, memory, and display components.

In embodiments of the system at least two of the N wavelengths originate
from the same light source and their beat modulation frequencies are chosen

to be much higher than the detector cutoff frequency.

In an embodiment of the system:
a) the interferometer is a two beam phase shift interferometer;
b) the at least one detector is a single detector; and
¢) the phase modulation optics are located in the two beam phase shift

interferometer.

In an embodiment of the system:
a) the interferometer is an orthogonally polarized phase shift
interferometer;
b) a beam splitting unit is located after the interferometer, the beam
splitting unit comprising achromatic waveplates, polarizers and beam

splitting optics that split the combined output beam from the
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d)
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interferometer into M different phase shifted channels, each channel

comprising all N wavelengths having the same phase;

the one or more detectors are M detectors, each detector configured to

detect all N wavelengths in a different one of each of the M channels;

and

the at least one frequency domain demodulation unit comprises one

of:

i) M frequency domain demodulation units, one for each channel;
and

ii) one frequency domain demodulation unit configured to carry out

the demodulation for signals from all M channels.

In an embodiment of the system:

a)

b)

c)

the interferometer is an orthogonally polarized phase shift

interferometer;

the one or more detectors is a segmented detector comprised of M

segments, wherein a polarizer and a phase retardation mask, each

shifting the phase by a different amount, is located in front of each

segment of the segmented detector; and

the at least one frequency domain demodulation unit comprises one

of:

i) M frequency domain demodulation units, one for each segment;
and

ii) one frequency domain demodulation unit configured to carry out

the demodulation for signals from all M segments.

In this embodiment a polarization mask, which comprises polarization axes

each of which is oriented at a different angle, can be located in front of each

segment of the segmented detector in place of the polarizer and the phase

retardation mask. The polarization mask comprises polarization axes

having at least three orientations in each segment. For example the at least
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three orientations can be either 0, 45 and 90 degrees; or -45, 0 and 45

degrees; or 30, 60 and 120 degrees; or other combinations.

In another variation of this embodiment the segmented detector is a parallel
detector or camera with a polarization mask in front of its photo sensing
pixels. The polarization mask is divided into regions of 4 pixels, wherein the
polarization mask comprises a polarizer having a different orientation for
each of the 4 pixels. The orientations can be, for example, 0, 45, -45, and 90

degrees or other combinations.

All the above and other characteristics and advantages of the invention will
be further understood through the following illustrative and non-limitative
description of embodiments thereof, with reference to the appended

drawings.

Brief Description of the Drawings

— Fig. 1 schematically illustrates an embodiment of a system that uses a
single detector on a regular platform of a two beam phase shift
interferometer to carry out the method of the invention;

— Fig. 2 schematically illustrates an embodiment of a system that uses
three separate detectors and an orthogonally polarized phase shift
interferometer to carry out the method of the invention; and

— Fig. 3 schematically shows an embodiment of a system that uses a four

segment detector to carry out the method of the invention.

Detailed Description of Embodiments of the Invention

Herein is provided a simplified method for performing multiple wavelength
PSI measurements that is implemented by modulating each of the
monochromatic light sources with a different carrier frequency, combining
them to a single beam, detecting them all using the same detectors and

separating them via Fourier analysis and demodulation of the data — thus
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performing the detection of all wavelengths simultaneously and by using the
same detectors. This approach offers both a simplification to the optical
system and reduces the duration of time required to perform the multiple
wavelength measurement, based on a simple data extraction algorithm

decoding the information for each wavelength.

In PSI, a two beam interferometer is normally used to produce the
interference pattern of a sample positioned in one of the interferometer
arms. In such an interferometric system a continuous monochromatic source
with relatively constant amplitude is used. The reflected interference
signal’s intensity from each point of the sample can be described by a biased
harmonic behavior described in equation 1:

I =B+ Acos¢ (1)

Wherein, B is the bias or DC level, A is the envelope of the interferometric
signal and ¢ is its phase. The interference phase is related to the optical
path difference (OPD) between a given point on the sample and its
respective point of the reference mirror placed in the second arm of the
interferometer, and it encodes the relative distance of the point relative to a
plane with equal distance to the length of the interferometer arm holding
the mirror. In order to extract the phase from the interferometric signal,
using several (here 3) phase shifted signals, as can be seen in equations 2

and 3, where 1=1,2,3 stands for the three phase shifted signals.

Ii=B+Acos(¢+(i—l)7z/2) @)

p=tan[(I,+1,-21,)/(I,-1,)] 3)

However, such measurements are limited in their ability to unambiguously
determine the OPD and therefore the distance between the sample point
and the reference mirror plane, as the intensity signal is a harmonic signal

with a phase of ¢ which is related to the OPD as described in equation 4,
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and is therefore limited to phase differences of 2m, which translates in
reflection geometry to OPD of A/2.
4=2%.0rD
A (4)
When the sample has height variations larger than A/2, the distance or 3D
topography of the sample cannot be determined without ambiguity since the
extracted phase values are wrapped by 2 modulus. In order to reconstruct
the 3D shape of the sample’s surface i.e. the distance between two adjacent
points on its surface or the distance that the same point has moved along
the optical axis of the system between measurements, either a phase
unwrapping algorithm must be implemented or a utilization of 2 (or more)
wavelengths for measurement. For multiple wavelengths, the interference
signal’s intensity of equation 2 is measured for all wavelengths separately
and for each of the phase shifts, and using a combination of the phases

calculated for each, one can extract the OPD for higher height variations

using the technique presented in the previously referenced US 15/260,398.

In order to achieve this extraction, for example for 3 wavelengths, an overall
of 9 interferometric signals have to be taken for a single interferometric
measurement of the sample — 3 for each phase shifted interferometric signal
and 3 for each wavelength. This can be achieved by taking them
sequentially, in parallel or in some hybrid of these — each option requiring a
different number of detectors or with varying measurement duration until
the acquisition of the data required for a single shot of interferometric
measurement is completed. This process is to be repeated if the sample
changes its surface shape, or if it is in motion and its movement is being

analyzed by the system such as in vibrometry.

Since either a large number of sequential measurements or a large number
of detectors is required for a single interferometric measurement, the

inventors have found a method of minimizing the number of required
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detectors, simplifying the optical setup and possibly shortening the
measurement time to a single shot. This is achieved by combining the
concept of parallel phase shift interferometry enabling the measurement of
the 3 phase shifted signals in parallel by 3 separate detectors
simultaneously, and performing the measurement of the different
wavelengths simultaneously on the same detectors instead of multiplying

the number of detectors by 3 or taking the measurements sequentially.

A single shot measurement can be achieved by using physical band pass
filters to separate the carrier frequencies (and thus wavelengths). In the
case of frequency separation by Fourier analysis it might be necessary to
buffer several measurements to extract the Fourier signal using a sequence
of measurements used for a discrete Fourier transform (DFT). Alternatively
a sliding window FT can be performed, in which case it is necessary only to
buffer samples at the beginning of the measurement and then output a
position measurement at each sampling time of an analog-to-digital

converter.

In all cases measurement time shortening is achieved by the fact that no
change in the system is performed, such as a change of source wavelength or

phase retardation such as in sequential measurements.

Fig. 1 schematically illustrates an embodiment of a system that uses a
single detector on a regular platform of a two beam phase shift

interferometer for carrying out the method of the invention. In this

embodiment light at wavelengths A(1), A(2), and A(3) emitted by three

monochromatic light sources 10(1), 10(2), and 10(3) are each modulated
respectively by three well separated and different frequencies f(1), f(2) and
f(3). The output intensity of each light source has the form shown in

equation 5, where Is\(t) stands for the time dependent intensity of the
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modulated source with wavelength Ak, modulation frequency fi, and

unmodulated intensity of Iyk.
[S,ik (Z‘)=[iksm(272'fkl‘) (5)

The sources are then combined by beam combining optics 12 into a single
beam that functions as the light source for two beam phase shift
interferometer 28. The combined beam travels to beam splitter 14 in
interferometer 28 wherein part of the beam passes to a sample 16 mounted
on a moveable stage. The other part of the combined beam passes through
phase modulating optics 20 to a mirror 18, which can be either fixed or
mounted on a stage with controlled motion. The beams reflected from
sample 16 and mirror 18 are recombined by beam splitter 14 and the three
modulated wavelength signals are then measured in parallel using a single
detector 22 while the different required phase shifts are performed
sequentially by changing the phase shift introduced by the phase
modulating optics 20. The intensity of each of the phase shifted signals for
each wavelength is extracted in frequency demodulation unit 24 by a
process of frequency domain demodulation known in the art such as by
Fourier transform or using electronic bandpass filters and the three
demodulated signals are sent for further processing and display to processor

and display unit 26.

In embodiments of the system shown in Fig. 1, the frequency domain
demodulation unit and the processor and display unit are implemented as a
single combined unit that shares processing, memory, and display

components.

Fig. 2 schematically illustrates an embodiment of a system that uses three
separate detectors and an orthogonally polarized phase shift interferometer
used in a parallel detection approach (see US 15/260,398) for carrying out

the method of the invention.
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In this embodiment light at wavelengths A(1), A(2), and A(3) emitted by
three monochromatic light sources 10(1), 10(2), and 10(3) are each
modulated respectively by three well separated and different frequencies
(1), f(2) and f(3). The output intensity of each light source has the form
shown in equation 5. The sources are then combined by beam combining
optics 12 into a single beam that functions as the light source for two beam
orthogonal polarization interferometer 28. The combined beam travels
through optical elements 30 to interferometer 28'. For example, optical
elements 30 can comprise one or more of the following components: a
polarizer, a polarized beam splitter and an achromatic quarter wave plates;
grating based polarized splitting elements; a Wollaston prism; a Rochon
polarizer; polarization conversion mirrors; and a combination of achromatic
waveplates and liquid crystal devices. In addition to introducing optical
elements 30, the beam splitter 14 in interferometer 28 (see Fig. 1) is
replaced with a polarized beam splitter and phase modulating optics 20 are
removed in order to convert phase shift interferometer 28 into orthogonally
polarized phase shift interferometer 28'. The single output beam from
interferometer 28' travels to beam splitting unit 32 that comprises optical
components including achromatic waveplates, polarizers and beam splitting
optics that split the single beam into three different phase shifted channels.
From beam splitting unit 32 each channel passes through its respective
detector 22(1), 22(2), and 22(3) and corresponding frequency demodulator
unit 24(1), 24(2), and 24(3) to obtain intensities for each of the three
wavelengths with their matching frequencies at each of the three phase
shifts. Finally all nine demodulated signals are transmitted to processor and

display unit 26.

A common path orthogonal polarization interferometer is another
embodiment of an optical system for which the method of the invention can

be used. For example when a polarized beam passes through or is reflected
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from a birefringent element, it splits into two orthogonally polarized beams
which nearly traverse the same path and may be considered as common
path interferometers when the beams are recombined. When the beam is
incident at normal incidence the two orthogonally polarized components
traverse exactly the same path, yet their phases are different. In nematic
Liquid crystal devices the extraordinary phase can be modified using an
applied voltage while the ordinary one which can be considered as a
reference beam is not changed. Another configuration is when a polarized
beam is obliquely incident on isotropic medium composed of a single
interface or multiple interfaces. In this case the reflected or transmitted TE
and TM waves accumulate different phases but traverse the same path;
hence after recombining the two beams using a polarizing element, this
configuration acts like a common path orthogonal polarization
interferometer. This last configuration is used in ellipsometry as a

methodology to measure the refractive indices and thicknesses of layers.

Herein embodiments of the invention are described using three different
wavelengths with the different wavelengths coming from three different
sources and therefore they do not interfere. However in general the
invention can be carried out using at least two different wavelengths.
Alternatively two of the wavelengths or more can originate from the same
light source but their beat modulation frequency will be chosen to be much
higher than the detector cutoff frequency so that no extra time modulation
is observed by the detector except for the modulation frequencies fi. In these
cases the intensity pattern on each detector for each of the phase shifts
denoted by I, is a sum of the three interferometric signals resulting from the
interferometric signals (denoted by k) of the three wavelengths as is given in

equation 6, which result from a combination of equations 2 and 5.

)-8 A cos( + -1} 2) e ®
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By taking the Fourier transform of equation 6 a frequency domain signal is

received that is composed of the three delta function pairs around

frequencies f(1), f(2) and f(3) each having an amplitude which is the Fourier

transform of the corresponding term in the squared brackets in equation 6
as 1s given in equation 7.

F{[Bk +4, cos(¢k +(i—1)7[/2):|}*%(5(0)_27[]}()+5(a)+27[j}f)) )

7

By filtering each of the frequencies fi using a band-pass filter around each

of the frequencies, the amplitude can be measured and the interferometric

signal extracted for each of the wavelengths Ax.

This in turn allows the phase for each wavelength to be extracted as it is
done in the regular PSI, and combining them to extract the unwrapped
phase allowing measuring larger height differences and longer movements
based on the inventor's multiple wavelengths PSI technique. The frequency
demodulation can be done algorithmically using Fourier transform or

electronically using band-pass filtering hardware.

In another embodiment a parallel or segmented detector can be used with
achromatic phase retardation mask and polarizer in front of its segments so
that each segment receives interference signal that has undergone one
specific phase retardation shift. A camera can be used with periodic phase
retardation mask and polarizer to obtain phase shift imaging with phase
unwrapping using multiple wavelengths. The phase mask can be made of
achromatic liquid crystal waveplates for example or subwavelength gratings
with different thicknesses, refractive indices or grating periods so that they
produce different form birefringence which in turn produces the phase

retardation shifts.
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Fig. 3 schematically shows an embodiment of a system that uses a four
segment detector to carry out the method of the invention. In the
embodiment shown in Fig. 3 light at wavelengths A(1), A(2), and A(3) emitted
by three monochromatic light sources 10(1), 10(2), and 10(3) are each
modulated respectively by three well separated and different frequencies
(1), f(2) and f(3). The output intensity of each light source has the form
shown in equation 5. The sources are then combined by beam combining
optics 12 into a single beam that functions as the light source for two beam
orthogonal polarization interferometer 28'. The combined beam travels
through optical elements 30 to interferometer 28'. The single output beam
from interferometer 28' passes to a detection unit 34. Detection unit 34
comprises a segmented detector and a phase mask and polarizer in front of
each segment of the detector. The signals from each of segments 36(1), 36(2),
36(3), and 36(4) are demodulated separately by respective demodulation
units 24(1), 24(2), 24(3), and 24(4) and the 12 signals obtained are sent to

processor and display unit 26 for processing and display.

In the system shown in Fig. 3 a polarization mask, which comprises
polarization axes each of which is oriented at a different angle, can be
located in front of each segment of the segmented detector in place of the
polarizer and the phase retardation mask. The polarization mask comprises
polarization axes having at least three orientations in each segment. For
example the at least three orientations can be 0, 45 and 90 degrees or -45, 0

and 45 degrees or 30, 60 and 120 degrees or other combinations.

In another variation of the system shown in Fig. 3 the segmented detector is
a parallel detector or camera with a polarization mask in front of its photo
sensing pixels. The polarization mask is divided into regions of 4 pixels,
wherein the polarization mask comprises a polarizer having a different

orientation for each of the 4 pixels. The orientations can be, for example, 0,
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45, -45 and 90 degrees or other combinations. The polarizers can be for

example made of wire grid type polarizers.

In embodiments of the systems shown in Fig. 2 and Fig. 3 the functions of
the several frequency domain demodulation units can be carried out using
one frequency domain demodulation unit configured to carry out the

demodulation for signals from all channels/segments.

The systems shown in Figs. 1-3 can be generalized as follows: In phase shift
interferometry there is a need for at least 3 phase shifted signals for each of
wavelengths in order to extract the desired position information of the
sample under test. If the application is based on M phase shifts then there

can be between M channels (at each of them all of the wavelengths’ signals

are phase shifted) and MxN channels where each wavelength is phase

shifted separately. Fig. 1 illustrates a system in which N=3 and M phase
shifts for all three signals are generated sequentially in the single channel
by the phase modulating optics in the interferometer in order to acquire the
phase information for the three signals. Fig. 2 illustrates a system in which
N=3, M=3, and there are three channels resulting in nine signals to be
processed to extract the required phase information. Fig. 3 illustrates a
system in which N=3, M=4, and there are four channels resulting in twelve
signals to be processed to extract the required phase information. The
systems of Fig. 2 and Fig. 3 produce M sets of N signals with different
wavelengths but with the same phase shift within each set; or, looked at
another way, for each of the N wavelengths M phase shifted signals are

produced for the same wavelength.

Using the system of Fig. 1, the MxN signals are acquired sequentially for all

N wavelengths using a single detector in each one of M iterations. Using the
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systems of Figs. 2 and 3, the MxN signals are acquired in a single shot for

all N wavelengths using a single detector for each of the M channels.

The method of the invention and the embodiments of systems described
above can advantageously be employed to:

1. build a fast 3D interferometric imaging system for fast 3D high
resolution topographic mapping of the surface of samples with
topographies from sub-nm up until ten of microns and more; and

2. to build a fast vibrometer or movement tracking system for tracking

the position of a sample along the optical axis of the system.

Although embodiments of the invention have been described by way of
illustration, it will be understood that the invention may be carried out with

many variations, modifications, and adaptations, without exceeding the

scope of the claims.
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Claims

1. A method for performing multiple wavelength phase shift interferometry

(PSD),the method comprising:

a)

b)

c)

d)
e)

f)

g)

h)

providing at least one light source, wherein all light sources together
provide N beams of monochromatic light at N distinct wavelengths,
wherein N>2;

modulating each of the N monochromatic light beams with a
different carrier frequency;

combining the N monochromatic light beams into a combined light
beam comprised of the N wavelengths;

passing the combined light beam through an interferometer;

detecting the combined light beam output signal of the interferometer
using at least one detector configured to detect all N wavelengths;
separating, by a process of frequency domain demodulation, the
interferometric signal output by the at least one detector into N
signals, each containing information related to a different one of the
wavelengths;

repeating steps "e" to "f" for M different specific phase shifts for all N
wavelengths produced by phase modulation optics; and

processing MxN signals to extract phase information for optical path

difference calculations and phase unwrapping.

2. The method of claim 1 wherein at least two of the N wavelengths

originate from the same light source and their beat modulation

frequencies are chosen to be much higher than the detector cutoff

frequency.

3. The method of claim 1 wherein the process of frequency domain

demodulation comprises one of:

a)
b)

Using N electronic band pass filters; and

Fourier analysis.
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4. The method of claim 1 wherein:

a) In step "d" the interferometer is a two beam phase shift
interferometer;

b) a single detector configured to detect all N wavelengths is used to
detect the combined light beam output signal of the interferometer;
and

¢) in step "g" the phase modulation optics are located in the two beam

phase shift interferometer.

. The method of claim 1 wherein:

a) in step "d" the interferometer is an orthogonally polarized phase shift
interferometer;

b) between step "d" and step "e" the combined light beam output signal
of the interferometer is passed through a beam splitting unit that
comprises achromatic waveplates, polarizers and beam splitting
optics that split the combined light beam into M different phase
shifted channels;

¢) in step "e" the combined light beam is detected with M detectors one
for each of the M channels;

d) step "f' is carried out separately for the output signals from each of
the M detectors; and

e) step "g" is not carried out.

. The method of claim 1 wherein:

a) in step "d" the interferometer is an orthogonally polarized phase shift
interferometer;

b) in step "e" the combined light beam output signal of the
interferometer is detected by a segmented detector comprised of M

segments, wherein a polarizer and a phase retardation mask, each
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shifting the phase by a different amount, are located in front of each
segment of the detector;

step "f" is carried out separately for the output signals from each of
the M segments; and

step "g" is not carried out.

A system for performing multiple wavelength phase shift interferometry

(PSD),the system comprising:

a)

b)

c)

d)
e)

f)

g)

h)

at least one light source, wherein all light sources together provide N
beams of monochromatic light at N distinct wavelengths, wherein
N>2;

components configured to modulate each of the N monochromatic
light beams with a different carrier frequency;

beam combining optics that combine the N monochromatic light
beams into a combined light beam comprising the N wavelengths;

an interferometer;

at least one detector configured to detect all N wavelengths in the
combined light beam output signal of the interferometer;

at least one frequency domain demodulation unit configured to
separate the interferometric signal output by the at least one detector
into N signals, each containing information related to a different one
of the wavelengths;

phase modulation optics configured to produce M different specific
phase shifts for all N wavelengths; and

a processor and display unit comprising software algorithms and
processing, memory, and display components configured to process
MxN signals to extract phase information for optical path difference

calculations and phase unwrapping.

The system of claim 7 wherein the frequency domain demodulation unit

comprises one of:



10

15

20

25

30

WO 2017/163233 PCT/IL2017/050335
-99 -

a) N electronic band pass filters; and

b) a processor and software configured to perform Fourier analysis.

9. The system of claim 7 wherein the frequency domain demodulation unit

and the processor and display unit are implemented as a single combined

unit that shares processing, memory, and display components.

10.The system of claim 7 wherein at least two of the N wavelengths
originate from the same light source and their beat modulation
frequencies are chosen to be much higher than the detector cutoff

frequency.

11.The system of claim 7 wherein:
a) the interferometer is a two beam phase shift interferometer;
b) the at least one detector is a single detector; and
¢) the phase modulation optics are located in the two beam phase shift

interferometer.

12.The system of claim 7 wherein:

a) the interferometer is an orthogonally polarized phase shift
interferometer;

b) a beam splitting unit is located after the interferometer, the beam
splitting unit comprising achromatic waveplates, polarizers and beam
splitting optics that split the combined output beam from the
interferometer into M different phase shifted channels, each channel
comprising all N wavelengths having the same phase;

¢) the one or more detectors are M detectors, each detector configured to
detect all N wavelengths in a different one of each of the M channels;
and

d) the at least one frequency domain demodulation unit comprises one
of:
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i) M frequency domain demodulation units, one for each channel;
and
ii) one frequency domain demodulation unit configured to carry out

the demodulation for signals from all M channels.

13.The system of claim 7 wherein:

a) the interferometer is an orthogonally polarized phase shift
interferometer;

b) the one or more detectors is a segmented detector comprised of M
segments, wherein a polarizer and a phase retardation mask, each
shifting the phase by a different amount, is located in front of each
segment of the segmented detector; and

¢) the at least one frequency domain demodulation unit comprises one
of:

1) M frequency domain demodulation units, one for each segment;
and
ii) one frequency domain demodulation unit configured to carry out

the demodulation for signals from all M segments.

14. The system of claim 13 wherein:
a polarization mask, which comprises polarization axes each of which is
oriented at a different angle, is located in front of each segment of the
segmented detector in place of the polarizer and the phase retardation

mask.

15. The system of claim 14 wherein the polarization mask s comprises

polarization axes having at least three orientations in each segment.

16. The system of claim 15 wherein the at least three orientations are one
of: 0, 45 and 90 degrees; or -45, 0 and 45 degrees; and 30, 60 and 120

degrees.
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17. The system of claim 14 wherein the segmented detector is a parallel
detector or camera with a polarization mask in front of its photo sensing
pixels, the polarization mask divided into regions of 4 pixels, wherein the
polarization mask comprises a polarizer having a different orientation

for each of the 4 pixels.

18. The system of claim 14 wherein the orientations are 0, 45, -45 and 90

degrees.



WO 2017/163233 PCT/IL2017/050335

1/3

2
10(1) / 103)

—————————— ! l— - /22 24
18\ -~ NI / /
é 2{ i | 1’11 ’[;‘vz ’]’13
s A
= I | I e
' P '
16




PCT/IL2017/050335

2/3

WO 2017/163233

@mm

« fr—
‘f 2&\ i

(evz

QN\N

(g)eez

e
M <
My

4%

8¢

0€

F 3

N

o

(1ot

—
N
~—
o
~



WO 2017/163233

PCT/IL2017/050335
&— B T
i |
i L
S S N
[n A al oA /\ l
ja) 3 I o
T TR e Bl B
D T e I
<t i {
N\
, — <
\ A A
’ T /&
S5
N ——
]\ 1 { AOA A
1 1 P i
= —_ r\:{ ~ \ﬁﬁ
¥ ~ 3 L
N~ o oy :
ENEEE
1$ )

<f
o3

-

3
3
3
3
3
3
3
3
3
3
N
N
N
N
N
N
N
N
N
N

.

24(3)

3%3)

8

28'

Fig. 3



INTERNATIONAL SEARCH REPORTY International application No.

PCT/IL2017/050335

Al CLASSIFICATION OF SUBJECT MATTER
IPC (2017.01) GO1B 9/02, GO1B 11/00

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum decumentation searched (classification system followed by classification symbols)
IPC (2017.01) GO1B 11/00

Documentation searched other than minimum documertation to the extent that such docwments are inchuded in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
Databases consulted: Google Patents, PatBase
Search terms used: Interferometer, modulation, frequency, wavelength, monochromatic, phase shift, combined/composite beam/light beam.

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™® Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

J

X US 2015/0019160 Al Thurner et al. 1,7
15 Jan 2015 (2015/01/15)
The entire document.

Y The entire document. 2-6,8-18

Y US 2001/0030299 Al Shiraishi 1-18
18 Oct 2001 (2001/10/18)
The entire document.

Y US 2011/0205523 Al Rezk et.al. 1-18
25 Aug 2011 (2011/08/25)
The entire document.

Y US 5706084 A Guitierrez 1-18
06 Jan 1998 (1998/01/06)
The entire document.

Further documents are listed in the continuation of Box C. See patent family annex,
* secial cateooties of ol locutmenis: oo s . : . . L.

Special categories of cited documents: T"  later document published after the internationat filing date or priority
“A” document defining the general state of the art which is not considered date and not in conflict with the application but cited fo understand

to be of particular relevance the principle or theory underlying the invention
“g”  eatlier application or patent but published on or after the “X document of particular relevance; the claimed invention cannot be

international filing date considered novel or cannot be considered to involve an inventive
“L”  document which may throw doubts on priotity claim(s) or which is step when the document is taken alone

cited 1o establish the tication date of another citation or oth wy : : : :

;g‘:éi qu’ éﬁ;&i‘ﬁsﬂ:; epc‘g) el d}anu date of another citation or other Y” document of particular relevance; the claimed invention cannot be
ey A eERREEE . considered {o involve an inventtve step when the document is
“0” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination

means being cbvious o a person skilled in the art

«“p”  document published prior to the international filing date but later

. . . “&” document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search Date of mailing of the intemational search report
15 Jun 2017 18 Jun 2017

Name and mailing address of the [SA: Authorized officer

Israel Patent Office SIGALOV Olga

Technology Park, Bldg.5, Malcha, Jerusalem, 9695101, Israel

Facsimile No. 97225651616 Telephone No. 972-2-5651781

Form PCT/ISA/210 {second sheet) {Jannary 2615)




INTERNATIONAL SEARCH REPORT

International application No.

15 Apr 2004 (2004/04/15)
The entire document.

PCT/IL2017/050335
C (Continnation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2004/0070767 Al Tobiason et al. 6,13,14

Form PCT/ISA/210 (continuation of second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT
[nformation on patent family members

International application No.

PCT/IL2017/050335
Patent docug;g;tcited search Publication date Patent family member(s) Publication Date

US  2015/0019160 Al 15 Jan 2015 US 2015019160 Al 15 Jan 2015
DE 202014101699 Ul 17 Jul 2014
EP 2806246 Al 26 Nov 2014
JP 2014228545 A 08 Dec 2014

US  2001/0030299 Al 18 Oct 2001 US 2001030299 Al 18 Oct 2001
US 6677601 B2 13 Jan 2004
JP H0992596 A 04 Apr 1997
JP 3550605 B2 04 Aug 2004
JP HO08213300 A 20 Aug 1996
JP 3622249 B2 23 Feb 2005
JP HO08264414 A 11 Oct 1996
JP HO08288197 A 01 Nov 1996
US 6034378 A 07 Mar 2000
US 6242754 Bl 05 Jun 2001
US 2003201404 Al 30 Oct 2003
US 7053390 B2 30 May 2006
US 2005051742 Al 10 Mar 2005
US 7109508 B2 19 Sep 2006

US  2011/0205523 Al 25 Aug 2011 US 2011205523 Al 25 Aug 2011
US 8687173 B2 01 Apr 2014
CN 102150007 A 10 Aug 2011
EP 2329218 A2 08 Jun 2011
EP 2329218 A4 14 Dec 2016
JP 2012502301 A 26 Jan 2012
JP 5752040 B2 22 Jul 2015
JP 2015111160 A 18 Jun 2015
WO 2010030884 A2 18 Mar 2010
WO 2010030884 A3 17 Jun 2010

Form PCT/ISA/210 (patent family annex) (Jamary 2615)




INTERNATIONAL SEARCH REPORT
[nformation on patent family members

International application No.

PCT/IL2017/050335
Patent docug;g;tcned search Publication date Patent family member(s) Publication Date

US 5706084 A 06 Jan 1998 US 5706084 A 06 Jan 1998

US  2004/0070767 Al 15 Apr 2004 US 2004070767 Al 15 Apr 2004
US 6850329 B2 01 Feb 2005
CN 1497238 A 19 May 2004
CN 1308650 C 04 Apr 2007
EP 1411321 A2 21 Apr 2004
EP 1411321 A3 27 Jul 2005
EP 1411321 Bl 19 Apr 2017
JP 2004138617 A 13 May 2004
US 2004080754 Al 29 Apr 2004
US 6847457 B2 25 Jan 2005

Form PCT/ISA/210 (patent family annex) (Jamary 2615)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - wo-search-report
	Page 30 - wo-search-report
	Page 31 - wo-search-report
	Page 32 - wo-search-report

