APPLIED PHYSICS LETTERS 112, 171101 (2018)

@ CrossMark
& click for update

Multi-object investigation using two-wavelength phase-shift interferometry

guided by an optical frequency comb
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Two-wavelength phase-shift interferometry guided by optical frequency combs is presented. We
demonstrate the operation of the setup with a large step sample simultaneously with a resolution
test target with a negative pattern. The technique can investigate multi-objects simultaneously with
high precision. Using this technique, several important applications in metrology that require high
speed and precision are demonstrated. Published by AIP Publishing.
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Phase shift interferometry (PSI) is an optical metrology
technique used for surface micro-topography measurements
with excellent accuracy.'™ However, the phase distribution suf-
fers from 27 discontinuities, which set a limit to the phase mea-
surement range of single-wavelength. Two-wavelength PSI
provides a solution to this ambiguous phase problem with the
use of a beat wavelength A, from two wavelengths 4, and 4,.
As a result, the phase measurement range is extended to a lon-
ger Apeq. However, it involves a shortcoming of being suscepti-
ble to instability of the two wavelengths used. Instability of the
two-wavelengths used might introduce a fluctuation in the beat
wavelength, and hence an inherent phase error arises. We
expect that this error is maximized when longer A, is used to
examine surfaces with large steps. Also, such wavelength insta-
bility limits the minimum difference between two wavelengths,
and hence the maximum A,

An interesting wavelength reference to suppress the wave-
length instability is an optical frequency comb (OFC).>® The
OFC is composed of a series of frequency spikes regularly
spaced by a repetition frequency f,.,, with a carrier-envelope-
offset frequency f., and can be used as an optical frequency
ruler traceable to a frequency standard by its mode-locking
nature and laser stabilization. If a tunable narrow-linewidth
continuous-wave (CW) laser, e.g., an external cavity laser
diode (ECLD), is phase-locked to one mode of OFC, the inher-
ent characteristics of OFC (narrow linewidth, high stability,
high accuracy, etc.) are transferred to the CW laser.
Furthermore, the CW laser can be tuned at a step of f,,, by
changing the phase-locked OFC mode. The phase-locked CW
laser, namely the optical frequency synthesizer (OFS)’ is trace-
able to the frequency standard via OFC, and hence largely sup-
presses the wavelength instability.

In this letter, we minimized the inherent phase error and
expanded the beat wavelength by introducing an OFS into
two-wavelength PSI. This technique makes it possible to fea-
ture large stepped structures as large as meter depth with
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nanometer resolution. We use this merit to investigate two
objects in real-time (multi-objects simultaneously) with high
precision. This technique can be applied to test a burst of
identical objects in real time for onsite production lines.

We here used a Mach-Zehnder interferometer to pro-
duce the interference pattern. The intensity of the interfer-
ence signal is given as follows:®

Ii=a+bcos(¢p+ (j—1)n/2), (1)

where a is the so-called DC level, b is the modulation,
j=1-4 in the case of four frames, and ¢ is the phase of the
interference signal. The interference phase is related to the
optical path difference (Az) between the two beams of the
interferometer as follows:

$(4) = (2m/ i) Az, 2)

where 4 is the wavelength of the illuminating light source
and i =1-2. The phase information encoded in the fringe
structure of the interferogram is recovered by the PSI tech-
nique via changing the reference arm length of the interfer-
ometer in four equal steps with a step size equivalent to the
n/2 phase shift;” for each step, the interference signal is
recorded. Using these four phase-shifted signals of Eq. (1),
the phase is extracted for each point of the objects as

¢ =tan"'[(L—1)/(I;—13)]. S

A phase unwrapping algorithm to unwrap the 27 module of
the wrapped phase is applied because step heights of the
objects being tested are greater than one fringe of the inter-
ference signal."'® Here, we used signals of two wavelengths
A; and Z,. For each wavelength, four phase-shifted signals
are captured successively, and the single-wavelength phase
is computed by applying Eq. (3). Then, by subtracting the
phase image ¢(4;) of A; from the phase image ¢(4,) of 4,, a
beat phase image ¢, can be written as

¢heat = d)(;“z) - (f)(il), “4)
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where the beat phase image is synthesized that allows for
imaging much larger axial ranges. The beat wavelength can
be formulated using

Abear = 2122/ (A — 22). )

By measuring the beat wavelength and the synthesized
phase, the height can be calculated precisely as

h = (Prear/47) Zbear- (6)

From Eq. (6), it is evident that any small variation in the beat
wavelength produces an error in the reconstructed height; so,
it is essential to stabilize the wavelengths employed to inves-
tigate the objects. The present OFS was achieved by phase-
locking a tunable ECLD to one mode of the OFC. Figure 1
shows a description of an ECLD and an OFC in the optical
frequency domain. The optical frequency vy of the OFS is
given by

Vew :fcen + nfrep +.fbeat7 @)

where n is the mode number of the OFC (typically, ~10°)
phased-locked by an ECLD, and f,, is the beat frequency
between the ECLD and the n-th OFC mode. vy can be tuned
at a step of f,,,, by changing the n value, while maintaining the
phase-locking to the frequency standard. An upper part of Fig.
2 shows an experimental setup of OFS, which is composed of a
tunable ECLD (LT-5001N, OptoComb, Inc., optical wave-
length range = 188.5THz-197.2THz, wavelength range
= 1520nm—1590 nm, mean power =30mW) and a commer-
cialized fiber OFC laser (FC1500-250-WG, Menlo Systems
GmbH, Munich, Germany, center wavelength = 1550 nm, spec-
tral bandwidth =73 nm, and mean power = 380mW). f..,, and
frep Were, respectively, set to 20 MHz and 250 MHz by phase-
locking to a rubidium (Rb) atomic clock (FS725, Stanford
Research Systems, accuracy=25x 10" and instability =2
x 107" at 1 s) using accompanying stabilization electronics.
Output lights from the ECLD and the OFC were spatially over-
lapped by a polarization beam splitter (PBS) and half-wave
plates (4/2) together with power adjustment. After passing
through another 4/2, a polarizer, and a diffraction grating, the
Jrear signal was detected by a photodiode (PD). f,.,, was set to
30MHz by phase-locking to the same frequency standard
using a proportional-integral-derivative (PID) controller. The n
value can be determined by a wavelength meter (AQ6151,
Yokogawa Test & Measurement Corp., wavelength accura-
cy = 0.3 pm). Finally, vy can be tuned at a step of 250 MHz
(=fep) within the range of 188.5 THz to 197.2 THz. The corre-
sponding wavelength Acy, can be tuned at a step of 2 pm within
the range of 1520 nm to 1590 nm. The optical frequencies vcw;
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FIG. 1. Description of the ECLD and the OFC in the optical frequency
domain.
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FIG. 2. Experimental setup. ECLD, external cavity laser diode; PZT, piezo-
electric transducer; G, grating; M, mirror; PBS, polarizing beam splitter;
NPBS, non-polarizing beam splitter; PD, photodetector; S;, first object of
step height of around 7.201 mm (employed also as a reference); and S,, sec-
ond object of a USAF resolution target with a negative pattern.

and vy, of the OFS were adjusted in series by changing n.
The optical beat frequency v, between them is related to the
beat wavelength 4, by

w1 — Acw2 c
Upeat = Vew2 — Vewl = C—3————— = (8)

- — 5
Acwiicwr Jbeat

where c¢ is the speed of light and Acw; and Acw, are wave-
lengths corresponding to vcw; and vews. The present OFS
has the ability to generate two-wavelength light with an arbi-
trary wavelength difference (2pm < 4;- A,<70nm), corre-
sponding to the beat wavelength from 35 ym to 1.2 m.

An experimental setup of two-wavelength PSI is shown
in the lower part of Fig. 2. Output light from the OFS was
fed into the Mach-Zehnder interferometer. After recombin-
ing both beams, the off-axis holograms were captured at two
different wavelengths by a cooled InGaAs CCD camera
(Goldeye P-008, Allied Vision Technol. GmbH, 320 x 256
pixels, pixel size =30.0 um), and then reconstructed with a
four-step PSI algorithm.? The variations in the optical path
length of one arm were done by a piezoelectric transducer
(PZT).

A reflection object S; and a transmission object S, were
used as samples. S; is a step height of around 7.201 mm
(measured roughly by a digital micrometer) positioned at
reflection in the reference arm of the interferometer, while S,
is a USAF (United States Armed Forces) resolution test tar-
get with a negative pattern positioned at transmission in the
object arm of the interferometer. In order to image the two
objects S| and S, in the imaging plane of the camera, the sec-
ond object S, was placed in a suitable distance in the object
arm related to the power of the imaging lens L (NA = 0.4).
A schematic drawing of S;is shown in Fig. 3(a). Photographs
of both S| and S, taken with the proposed setup with block-
ing of the two arms of the interferometer mutually are shown
in Figs. 3(b) and 3(c), respectively. The two objects were
investigated simultaneously by using two different wave-
lengths at 4; = 1540.403 nm and 4, = 1541.403 nm.
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Once S; and the gold mirror (in the absence of S,) con-
stitute the off-axis interferogram, S, is introduced in the
other arm. The obtained off-axis hologram is deformed in
accordance with the patterns of S,. For each wavelength,
four phase-shifted off-axis interferograms were recorded
successively. The change in the optical pathlength was done
by actuating S; using a closed-loop PZT with a linearity
of up to 0.15%. Figures 4 and 5 show four phase-shifted
images at two different wavelengths 4; = 1540.403 nm and
A, =1541.403 nm, respectively. For each wavelength, the
3D phase map is computed in accordance with Eq. (3). As
seen in Figs. 4 and 5, the off-axis fringes appear clearly
inside the yellow and red rectangles of both objects shown in
Figs. 3(b) and 3(c).

Since the arctan function produces values only in the
range of [—mn/2, /2], as shown in Fig. 6, the wrapped phase
for each wavelength is unwrapped®'® to remove the ambigu-
ity in the phase. Figures 7(a) and 7(b) show the unwrapped
phases of Figs. 6(a) and 6(b), respectively. By subtracting
the phases of Figs. 7(a) and 7(b), an equivalent phase image
is synthesized, as shown in Fig. 7(c).

As seen in Fig. 7(c), all the illuminated patterns of S;
and S, are extracted into a single image. Based on the syn-
thesized phase image of Fig. 7(c) and the beat wavelength,
the step-height of S; as well as the heights of the patterns in
S, are precisely obtained using Eq. (6). The phase profile
extracted horizontally along the red line (S;) in the synthe-
sized phase of Fig. 7(c) is shown in Fig. 7(d), indicating the
cross-sectional profile of 320 pixels. Here, the X-axis is
reversed to see the phases from different angles of view.'?
Based on Fig. 7(d), the ¢, =38rad (the difference
between the blue lines). The beat wavelength is calculated
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FIG. 4. Four phase-shifted images of one wavelength 1; = 1540.403 nm
captured by a cooled In-GaAs camera.
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FIG. 3.(a) Representation of the
reflected type object, (b) a photograph
of 12mm of (a), and (c) a photograph
of the transmissive USAF object.

using Eq. (5) to be Apeqs = 2.3744e ™ nm. By substituting the
values of ¢peq; and Ay, in Eq. (6), the step height is esti-
mated to be 7.180mm [no image enhancement technique
was applied to Fig. 7(d)], which is in excellent agreement
with the nominal value.

The heights of the patterns of S, can also be extracted
from the same synthesized phase image of Fig. 7(c). The
phase profiles extracted vertically along both blue and black
lines of Fig. 7(c) were corrected from noise by applying the
high pass filter,'? and the corrected phase profiles are shown
in Figs. 8(a) and 8(b), respectively. The benefit of this filter
is to mitigate the coherent noise to some amount. The beat
phase along the blue and black lines of Fig. 7(c) before cor-
rection with a high pass filter was estimated to be
(Ppeas = 5.9 rad), while after correction, it is estimated to be
(peas = 3.2 rad) as shown in Fig. 8. By substituting the val-
ues of ¢peq; and Ape,, in Eq. (6), the step height is estimated
to be 0.605 mm.

We claim that image enhancement techniques such as
flat fielding with apodization may improve the edges in
Fig. 8,"'® and this will be the next step of our future
research. Here, the measurement precision of the object
surface depends on the wavelength stability and the
robustness of the interferometer to surrounding external
disturbances such as air turbulence or vibration. Although
the optical comb largely enhances the stability of the fre-
quency and the phase of two-wavelength light, surround-
ing external disturbances essentially limits the phase noise
to 4/100-4/1000. For that reason, we expect that using
single-shot parallel four-step PSI will minimize the error
in measurement, and this will also be the next step of our
future research.

100 150 20 30
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100 150 250 30
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FIG. 5. Four phase-shifted images of one wavelength /; =1541.403 nm cap-
tured by a cooled In-GaAs camera.
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FIG. 6. (a) Wrapped phase map of Fig. 4 and (b) wrapped phase map of Fig. 5.
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FIG. 7. (a) Unwrapped phase map of Figs. 6(a) and (b) the unwrapped phase
map of Fig. 6(b). (c) Difference between (a) and (b). (d) 1D phase profile
along the red line of (c).
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FIG. 8. (a) 1D phase profile along the blue line of Fig. 7(c) and (b) a 1D
phase profile along the black line of Fig. 7(c). The profiles shown here are
after application of the high pass filter process.

In conclusion, we have presented an optical metrology
technique for measuring the 3D surface profiles of many
objects simultaneously with high precision. Excellent results
were extracted with all featured patterns in a single shot. The
term high precision here refers to the highly stable wavelengths

Appl. Phys. Lett. 112, 171101 (2018)

secured by the frequency standard via the OFC. The technique
is fully operable for samples having large step heights as large
as meter depth with nanometer resolution. Merit of this tech-
nique is that it can be used onsite in a production line to test
identical objects in real time. The mechanism can be done as
follows: a calibrated object is positioned at reflection in the ref-
erence arm of the interferometer and a burst of same objects
being tested are positioned in the object arm in the interferome-
ter. From the difference in the phase between the calibrated
object and the object being tested, the performance of the object
being tested is assigned. If the difference in the phase equals
zero, this means a perfect tested object, if not, means a re-
conditioning is needed. Future improvement of the system
includes use of this technique with a single-shot parallel four-
step, dual-wavelength PSI interferometry, which is expected to
increase the SNR and improve the accuracy of measurement.
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