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Scanning white-light interferometry is an important measurement option for many surfaces.
However, serious profile measurement errors can be present when measuring free-form surfaces
being highly curved or tilted. When the object surface slope is not zero, the object and reference
rays are no longer common path and optical aberrations impact the measurement. Aberrations
mainly occur at the beam splitter in the interference objective and from misalignment in the
optical system. Both effects distort the white-light interference signal when the surface slope is
not zero. In this paper, we describe a modified version of white-light interferometry for eliminating
these measurement errors and improving the accuracy of white-light interferometry. Moreover, we
report systematic errors that are caused by optical aberrations when the object is not flat, and
compare our proposed method with the conventional processing algorithm using the random ball

test.
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Analysis (FIt+ 9 FA1H), Self-calibration Method (At7F 27 ), System Bias Analysis (A| 28 2%}
=4)

1. M8 £ 7ok FeAle] 493t 9 A>FsE 7
3l Folh olH g Ax 7o e S
FAE, OA" gHEE, Qe 914, FEAl, 3 F= 54 7l W dEo A g dA
& Hz=Ege] o HHEG el gEget =4 7lEe AT AAES AEste Ax 34
wo MAFFoR de ARRHI Y 53] 1 T 2 Aol F3F AR ol=T|7A A
A5 trlso] sl &gl wet oleljt F ol 2A FHSASH &P o=EN AN TA
S @S vdol Hite] Aar 9tk g 4 o] mlg} Az, 1§88 Fole a¥%E Tt

2 Ax 7] wgR s TS vgd A= A Qa1 9Tk
L ole TH Aze Bdg nags BAd o WAL BEAA SA7EE A0E 547
g Aol 7 W=EL 3 Ho=w dAsE &y (three-dimensional coordinate measuring machine), 1 A}



ol
H
)2
]
Ok
gy
ol

5/x A 317 73 pp.605-613

July 2014 / 606

Intensity

Envelope Peak —_—

Phase Peak

Scanning Position [Z-axis]

Fig. 1 White-light interferogram (red line) at a single
pixel and its corresponding envelope signal (black
line)
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Fig.2 Profile measurement errors called ghost step
errors in  white-light interferometry when

measuring a steel ball
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Fig.3 (a) Optical path of the object and reference
waves when measuring highly curved surfaces,
(b) illumination area of wave reflected from
reference, and (c) illumination area of wave
reflected from object (0 is the half angle of the
numerical aperture of the objective and a is the
surface slope angle with respect to the reference
surface)
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(a) White-light interference signals when o is 0.2° (in the
upper) and 2.9° (in the lower)
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(b) Spectral distributions of effective wavelength corres-
ponding to white-light interference signals of (a)

Fig. 4 White-light interference signal and its spectral
distribution when a 0.4 N.A. objective (6=23.6°)
is used
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Fig. 5 (a) White-light interference signal and its

corresponding Fourier transformed signal and (b)
unwrapped phase information of white-light
interferogram and phase slope at k; (=27/4,) and
ky (527 25)
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Table 1 Fringe order determination to remove ghost step
errors (/=0, £1,£2, ...)

An' Fringe Order New Height 7',

0 +(4,/2)1 m, —> m, h' =h
A12+(2,/2)1 m —>m-1 h'=h-2/2
A4 125(4,/2)I1  my —>m+1 R =h+2/2

2,/25(/2)0  my>m -2 R, =h—24/2
2424 (2/2)1] m o m A2 b =h 4242
YAI2E(,12)1 mp > m—y
A 125 (A I2)1] m > m+y By =h 4 yA L2
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Fig. 6 A series of signal procedures of our proposed
method
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Table 2 Ghost step errors and their corresponding

compensation values

Pixel No. Ah' (nm) f, (nm) h', (nm)
1 302 318 16
2 -38 424 122
9 302 1071 769
11 -38 1250 948
14 302 1491 1189
145 -302 987 1289
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N N
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Fig. 7 The RBT measurement results
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Fig. 8 (a) Spectral distribution of effective central
wavelength according to the field of view when
(b) white-light
interference signals and their corresponding

measuring a sphere and

spectral distributions of position 1 and 2 of (a)
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Fig. 9 (a) Measurement results when measuring three
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techniques (1: micrometer, 2: our method, 3:
conventional method), and (b) measurement error
of our method and conventional method when the
micrometer is the reference

= t

=o] HoJgkd ghoststep error?t F2 54 2
FaHAoR AANAL A7 BA WRF

g o] &8 Alz=El eatE FAE B
LA A B =RolA AlrE e A~
m 3.29 nm RMS)E 7]#9] 7HA &
FE9 o Al2®l @ 2(119.17 PV, 20.59 RMS)

wt}l 1/60] 6t S d Q2% 3%0l| A]
1%0°]3t 2 3u] o] S Flaqleh. & AT
S A FIANA F

o fo T ok 36 x ol o
=
=
S
W
=

o

Ash WA 40 A5
F A% TUd ge Bhe 3 4o U @
g9 Aoz g



st S5 x| A 313H 7% pp. 605-613

tol

July 2014 / 612

REFERENCES

10.

11.

12.

Flournoy, P., McClure, R., and Wyntjes, G., “White-
light Interferometric Thickness Gauge,” Applied
Optics, Vol. 11, No. 9, pp. 1907-1915, 1972.

Dresel, T., Hiusler, G., and Venzke, H., “Three-
dimensional Sensing of Rough Surfaces by Coher-
ence Radar,” Applied Optics, Vol. 31, No. 7, pp. 919-
925, 1992.

Kim, S.-W. and Kim, G-H., “Thickness-profile
Measurement of Transparent Thin-film Layers by
White-light Scanning Interferometry,” Applied Optics,
Vol. 38, No. 28, pp. 5968-5973, 1999.

Ghim, Y.-S. and Kim, S.-W., “Thin-film Thickness
Profile and Its Refractive Index Measurements by
Dispersive White-light Interferometry,” Optics Ex-
press, Vol. 14, No. 24, pp. 11885-11891, 2006.

Ghim, Y.-S. and Kim, S.-W., “Fast,
Tomographic Measurements of Thin Films,” Applied
Physics Letters, Vol. 91, No. 9, Paper No. 091903,
2007.

Ghim, Y.-S. and Kim, S.-W., “Spectrally Resolved
White-light Interferometry for 3D Inspection of a
Thin-film Layer Structure,” Applied Optics, Vol. 48,
No. 4, pp. 799-803, 2009.

Schwider, J. and Zhou, L., “Dispersive Interfero-
metric Profilometer,” Optics Letters, Vol. 19, No. 13,
pp. 995-997, 1994.

Kino, G. S. and Chim, S. S., “Mirau Correlation Micro-
scope,” Applied Optics, Vol. 29, No. 26, pp. 3775-
3783, 1990.

Caber, P. J., “Interferometric Profiler for Rough
Surfaces,” Applied Optics, Vol. 32, No. 19, pp. 3438-
3441, 1993.

Larkin, K. G, “Efficient Nonlinear Algorithm for
Envelope Detection in White Light Interferometry,”
JOSA A, Vol. 13, No. 4, pp. 832-843, 1996.

Harasaki, A. and Wyant, J. C., “Fringe Modulation
Skewing Effect in White-light Vertical Scanning
Interferometry,” Applied Optics, Vol. 39, No. 13, pp.
2101-2106, 2000.

Sandoz, P., Devillers, R., and Plata, A., “Unam-
biguous Profilometry by Fringe-order Identification

Precise,

in White-light Phase-shifting Interferometry,” Journal
of Modern Optics, Vol. 44, No. 3, pp. 519-534, 1997.

13.

14.

15.

16.

17.

18.

19.

20

21.

22.

23.

Harasaki, A., Schmit, J., and Wyant, J. C., “Improved
Vertical-scanning Interferometry,” Applied Optics,
Vol. 39, No. 13, pp. 2107-2115, 2000.

Lehmann, P., “Systematic Effects in Coherence Peak
and Phase Evaluation of Signals Obtained with a
Vertical Scanning White-light Mirau Interferometer,”
Proc. of the SPIE on Optical Micro- and Nanometrol-
ogy in Microsystems Technology, Vol. 6188, Paper
No. 11, 2006.

Berger, R., Sure, T., and Osten, W., “Measurement
Errors of Mirrorlike, Tilted Objects in White Light
of the SPIE on Optical
Measurement Systems for Industrial Inspection V, Vol.
6616, Paper No. 2E, 2007.

Park, M.-C., Kim, S.-W., and Yim, N. B., “Aberration
Effects on White Light Interferometry,” Korean

Interferometry,” Proc.

Journal of Optics and Photonics, Vol. 12, No. 5, pp.
362-370, 2001.

De Groot, P. and Deck, L., “Three-dimensional
Imaging by Sub-nyquist Sampling of White-light
Interferograms,” Optics Letters, Vol. 18, No. 17, pp.
1462-1464, 1993.

De Groot, P. and Deck, L., “Surface Profiling by
Analysis of White-light Interferograms in the Spatial
Frequency Domain,” Journal of Modern Optics, Vol.
42, No. 2, pp. 389-401, 1995.

Niehues, J. and Lehmann, P., “Dual-wavelength Vertical
Scanning Low-coherence Interference Microscope,”
Proc. of the SPIE on Optical Measurement Systems for
Industrial Inspection V, Vol. 6616, Paper No. 6, 2007.

. Niehues, J., Lehmann, P., and Bobey, K., “Dual-

wavelength Vertical Scanning Low-coherence Interfe-
rometric Microscope,” Applied Optics, Vol. 46, No.
29, pp. 7141-7148, 2007.

De Groot, P., Colonna de Lega, X., Kramer, J., and
Turzhitsky, M., “Determination of Fringe Order in
White-light Interference Microscopy,” Applied Optics,
Vol. 41, No. 22, pp. 4571-4578, 2002.

Ghim, Y.-S. and Davies, A., “Complete Fringe Order
Determination in Scanning White-light Interferome-
try using a Fourier-based Technique,” Applied Optics,
Vol. 51, No. 12, pp. 1922-1928, 2012.

Gardner, N. and Davies, A., “Self-calibration for
Microrefractive Lens Measurements,” Optical Engin-
eering, Vol. 45, No. 3, pp. 033603-1-033603-5, 2006.



=g USSSX M 31¢ 7 pp.605-613

tol

July 2014 / 613

24. Bergner, B. C. and Davies, A., “Self-calibration for
Transmitted Wavefront Measurements,” Applied Op-
tics, Vol. 46, No. 1, pp. 18-24, 2007.

25. Zhou, Y., Ghim, Y.-S., Fard, A., and Davies, A.,
“Application of the Random Ball Test for Calibrating
Slope-dependent Errors in Profilometry Measure-
ments,” Applied Optics, Vol. 52, No. 24, pp. 5925-
5931, 2013.



