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ABSTRACT

Lateral shearing interferometry based on polarization

gratings for wavefront sensing

Jeong Hyo Bin
Advisor : Prof. Ki-Nam Joo, Ph.D.
Department of Photonic Engineering

Graduate School of Chosun University

The importance of wavefront sensing has significantly increased in applications
of adaptive optics for astronomy and EUV lithography. Wavefront sensors are also
widely used to test optical components of smartphone cameras, as well as virtual
reality (VR) and augmented reality (AR) devices. Two conventional methods of
measuring wavefront shapes are with a Shack—Hartmann or a pyramid wavefront
sensing technique. These sensors have a high sensitivity and robust response, but
lack in lateral resolution and dynamic range. Alternative to wavefront metrology, an
optical interferometer can be wused to improve the lateral resolution of
measurements. Several interferometric principles have been proposed and
experimentally verified such as point diffraction interferometry, digital holography,
lateral shearing interferometry, and radial shearing interferometry.

Optical interferometry has been traditionally used in wavefront sensing, and
especially shearing interferometers were adopted to reconstruct the wavefront of
light with the advantage of no reference light. A lateral shearing interferometer

(LSI) can reconstruct the wavefront using so called, z- and y-sheared
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interferograms with the aid of zonal and modal reconstruction algorithms. Compared
to radial shearing interferometry (RSI), LSI does not have to confirm concentricity
between two sheared wavefronts, which restricts the measurement of wavefronts
without rotational symmetry.

One of the main considerations in LSI is the phase extraction from the
interferograms because two laterally sheared wavefronts are typically generated by
a fixed shear plate. Even though the spatial carrier technique can be used, the
additional calculations with two-dimensional Fourier transformation and spatial
filtering deteriorate the phase. In order to apply the phase shifting technique, a
grating pair was used and the phase shifted interferograms were obtained by the
movement of the grating. Recently, a polarization—pixelated camera and a
birefringent plate have been adopted for a single shot LSI based on spatial phase
shifting technique. On the other hand, another issue in LSI is the capability of the
lateral shear adjustment according to the wvarious target shapes. For the steep
wavefronts, the lateral shear should be small while it is vice versa in plane-like
shapes. However, the lateral shear is almost fixed in typical LSI because of the
fixed shearing devices, and the system can be bulky when the shearing 1is
implemented by the additional interferometric configurations.

In this investigation, we propose a simple and effective lateral shearing
interferometer based on polarization gratings. The proposed LSI consists of a
polarization grating (PG), a flat mirror (M) and a polarization—pixelated CMOS
camera (PCMOS). As an optical source, a LED with 550 nm center wavelength is
used with 10 nm band-pass filter (BPF), and the reflected beam from the specimen
is incident to the lateral shearing device. In the lateral shearing device, the incident
beam is split into two beams by the PG, and the returning beams can be laterally
shifted after reflecting off the flat mirror and passing through the PG again. These
two beams are not only laterally shifted, but also their polarization states are
orthogonal to each other as circular polarizations. Then, the PCMOS, where a
polarizer array with 0°, 45° 90° and 135° transmission axes is put on the imaging
sensor, can obtain four phase-shifted interferograms at once to calculate the phase

map based on the spatial phase shifting technique. With a single image obtained by
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the PCMOS, the proposed LSI can obtain the phase map corresponding to the =z
—-sheared interferogram, and the other phase map can be calculated from another
single image obtained by the 90° rotation of the shearing device. Then, the original
wavefront can be reconstructed by the wavefront reconstruction algorithms. As the
experimental results, wavefronts generated by a toroidal mirror and cylindrical
lenses including concave mirrors and aspheric lenses were successfully measured,
and the deviations from the reference shapes were less than 100 nm.

One of the benefits in the proposed LSI is to conveniently adjust the lateral
shear distance according to the wavefronts. In case of measuring plane like shapes,
the lateral shear distance should be enough large for increasing the signal-to—noise
ratio (SNR) to reduce the distortion of the wavefront by experimental noises such

as diffraction, speckle and unexpected reflection.
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Shear matrix
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3t 2-1. Jones Matrix
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3 2-2. Zernike polynomial

Peak
Pattern l

1 m | Zernike polynomials Name vl
b Valley
0 0 |1 Piston .
1 -1 | 2psinf Vertical Tilt .
—
2 1 | 2pcosb Horizontal Tilt ( .
. . . ~
3 -2 | V6 p’sin26 Oblique Astigmatism ¢
4 0 | V3(2°—1) Defocus @
5 2 | V6picos20 Vertical Astigmatism .
s . . . N
6 -3 | V8p’sin36 Oblique Trefoil
P
7 -1 | V/8(3p°—2p)sinb Vertical Coma e
8 L | V8(3p"—2p)cosh Horizontal Coma (0
-~
9 3 | V8pPcos30 Horizontal Trefoil ‘0
10 -4 | V10 p*sin46 Oblique Quatrefoil L ;
4 2 . . nd : : \
11 -2 | V10 (4p" —3p%)sin260 | Oblique 2"* Astigmatism %
12 0 | V5(6p"—6p>+1) Primary Spherical
13 2 | V10 (4p* —3p*)cos20 | Vertical 2" Astigmatism [8)
V) LY
14 4 | V10 p'cos46 Vertical Quatrefoil 5
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o AEFoE 27 3-7¥9% 22 LUCID Are] H33 7hvlet PHX050S-P Al %S AH&3
Row, o5 Eaf 4% T+ 9 Hold HAFYH S 3 ol g5siith Fa
2, PHX050S-P= (2448 x 2048)¢] 3t4 #FaleS 7FAH 34 A7]& 345 pmo]al
24 fpse GA 5 £ % (frame rate) S ZtE

Aetsl= Alzx®le] delE ATsr] A&, 54 AlHezE FE W4 (radius of
curvature)°] 150 mm<l 2% A& (CM254-075-GO1, Thorlabs)S ©] &3}ttt &3k
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Fringes by rotated PG pair ngh t
source
BE
BPF
X-sheared Y-sheared -E_ P45
— Rotate PG pair L

T

. Wavefronts .

(4
o

i s \\PGﬁair- |

% 3-5. olF W A 7wk L AL (a) B AR (b) AA AR
(BE, 15x beam expander; BPF, band-pass filter; P, 45° rotated polarizer; L, lens;
BS, beam splitter; OL, 2x objective lens; S, specimen, TL, tube lens; PG pair,
polarization grating pair; PCMOS, polarization—pixelated CMOS camera)
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19 3-7. LUCID AF¢] Polarization-pixelated CMOS camera
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Sensitivity area
5.97 x 597
[mm]

.

[e)

Size
Pixel size
5.83 x 5.83 [uml]
?150 [pm]

Lenslet pitch
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Resolution
1024 x 1024
[pixel]
Lens array
39 x 39 [eal

3-1. Shack-Hartmann wavefront sensor® 43

-
i

Name
Shack-Hartmann
wavefront sensor

(WFS30-7AR, Thorlabs)

Collection @ chosun



Fringes by rotated PG Li ght
PG90° source
y . 4 4
\\-v:,’ e BPF
Y-sh~ec—1red ~& P45

\—Rotate PG L

SWavefront - S
RSelSer /7§

% 3-11 & A1 Az 71w FEE A (a) B8 ek (b) AAl AR
(BE, 15x beam expander; BPF, band-pass filter; Py, 45° rotated polarizer; L, lens;
BSi&2, beam splitter; OL, 2x objective lens; TL, tube lens; PG, polarization grating;
M, flat mirror; PCMOS, polarization—pixelated CMOS camera; WEFS, Shack-

Hartmann wavefront sensor)
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Aol 38 mmel 5 AE x, y HFO HAHFHY o]2RY FEH S, g &
AE HS yepdn olw, HAd® 3w 5E RHEE 3851 mmE ALME A OH
A A el A Algats A =5 A vad 23 0.013%9] 23k
sttt e o5 AESEELR olet w3 AAS T AGHS Hd5

a9 3-139] A skA Tt

(=)

]01 Form Talysurf SBPKZ HY3 o0& ALES %—ﬂ ST AckstE Al 2~HE
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ALE W 55 4 AA A¥Ee ¥ 3-282 AYsddy. 13 3-14¢9 g =
T A2="eY 34 A3 4 nm oW E A ske AS AT AMLe
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o »
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*[%,/2 0 1ﬁ\& -6
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g0 -2 g0
300 £ 400 g
£ 3 -;En'z
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8 \
— PG-LSI

Height [um)]

* Korm Talysurf S5K ® 400

® 38 = 50

100 = 150

500 = 1000 = 1500 = 2000 i

%

200 = 300

L eE A AAg R A 2y

A9 Form Talysurf S5K¢] Q% A&

unit : [mm)]

Collection @ chosun

%y =g w7y Fogn;KTzﬁurf PG-1.SI 27}
CM254-019-GO1 3 37.98 3851
CM254-025-GO1 50 50.01 52.32
CM254-050-GO1 100 100.08 101.52
CM254-075-Go1 150 149.85 153.02
CM254-100-GO1 200 200.07 206.40
CM254-150-GOl 300 301.89 303.08
CM254-200-GO1 400 398,68 397.27
CM254-250-GO1 500 491.24 489.42
CM254-500-GO1 1000 983.39 992.38
CM254-750-GO1 1500 148511 151031
CM254-1000-GO1 2000 2007.97 2000.19

Ce3 -



. 4d 83 ALS o&% A 3 A%

T oMAR, A AL A gEo o W3 AL (plezoelectric  deformable

mirror) < AR&3te], wAlEA Wl S-S S A AFRE dd WY

A& 19 3-159 22 Thorlabs AF¢] DMH40/M-P01 A#Fo2, 202 I®H F

40719 @4 £7Zt (segment)E°] st Ago] PAdstar dow, 7o 759 ¥
kil

| AZAHE A AR} (piezoelectric transducer)ol 7Fa| A= el o]&] 7Y

M
i

(<3

el olflth. Z7te] A% £Z4EE 0~300 Vol A

FA A", 19 3-159 22L& Defocus 759 A5, 948 Ago] 150 VY w
V omgte]ld 25 150 V o] wi EEwo] ) olwf, b Wy AL

=0l 150 VE 7lFo= Aol arish wdste] 71 3 e, Hol

A9 elAl o)k Ahf

VAFE 10 V 74 o= FHd 300
W, 53 dng A3 A9
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Commom /
Electrode
Piezoceramic o=
Disk 3 ®
Segment Electrode 150V 300V

ov

9 3-15. b WE Asd 4 Al mE 59 Ws)
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Y 3-16. 9 ¥
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a9 3-17. AF-stERE gbd AlM o] b WY Al At skl wE g 54 23
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APt Alxglow Hp tpddt s Z4ekr] 98] vt W= (aspherical
lens)e] EHS =A8A . AR w|F ™ A== Thorlabs AFe] ASL10142M-7803}
ke s

WAzl Fw g wANE 4 (G3-2)9F gow, 74zt

rl

2
= AV ALY Ay (3-2)
i+ - -

oA7|X RS IE WA, kv Y3 A4 (conic constant), A4,> nWHA H]74A A

= (n' order aspheric coefficient)E ¢ mn] 3t}
¥ 3-3. 8] "@=zo] AA AR
%—Uoﬂ R [mm] k Ag A4 AG Ag
ASIL.10142M-780 35.83 -0.6291 0 1.4398%10 7 0 0
A375TM-B 5.15 0 0 5.0699x10* | 1.0137x10° | 85233x10 "

a9 3-19% Atste AlaEE S vgd AW=e] 3W P sdete i
4 2 B4 AxsE Jepdt, Bd® gwe IE wAEE Ae Ay
ASL10142M-780 #1¥% 2 3551 mm, A375TM-B A& 5.09
28 e AZRAAA AFsE AA FE A g 2HITL A5 F o
oo 4 (3-2) 2 F 3-39 o2@e T a

KeN
=
S A%}, F Askel A7 $9nm RS s,
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Measurement method

PG-LSI
*  Form Talysurf S5K _|

Height [um]
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T
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N
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A% o] s SGwe 24 8 1Y 3-23% Lol F4F

B=)

b [e)
THZZ] FE WHHo] A2 tE 93y AL (toroidal mirror)S 43Rt 433
AELEE F4= 45 4 (Ryo] 20825 mm, 8= 25 w74 (Ry°] 234.19 mm=

7FAl= Shimadzu AFe] TR234-19A3035 Al#< ol &ataith. 1% 3-24(a)= Al¢tsl=

gAY A% 1 30 AAAE B SHE A8Y AL B vehan,
=4 2, 299 FWe 27 32Ub)% 2ol £H, A% F§ we] wgon,
olul 7}7ke] %E WA 21025 mme} 23074 mm= ANHAY. SHE AN AE
317 918l ol £t Zluke] W At ms}oazva, T Ave] @A 19 35

1% 3-23. Shimadzu A9 43td A&
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—
=

E 3-4 v FRR Af FH AAZL R A

=

2

23

ht

unit : [mm]

_ Form Talysurf
Zy WA SE | 7;‘4 PG-LSI A3}
: ASL10142M-780 35.83 36.18 35,51
Aspherical
lens A375TM-B 5.15 511 5.09
Cylindrical R, 26.0 25.91 25.73
lens R, 726 75.20 75.01
. Horizontal 234.19 233.74 230.74
Toroidal
mirror Vertical 208.25 208.35 210.25
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