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High-Precision Dynamic White-Light Interferometry

Bi Shuxian, Duan Mingliang, Zong Yi, Yu Caiyun, Li Jianxin’
School of Electronic and Optical Engineering, Nanjing University of Science & Technology,

Nanjing, Jiangsu 210094, China

Abstract White-light interferometry has the advantages of high accuracy and non-contact measurement, which is an
important measurement method in the field of ultra-precision machining. To tackle the problem that white-light
interferometry is easily affected by environmental vibration, dynamic vertical scanning interferometry (DVSI) is
proposed. This method divides the white-light interferometric optical path into two imaging channels to generate a
quasi-monochromatic light interferogram, which is phase-shifted synchronously with the white-light interferogram.
We obtain the actual phase-shift scanning position by processing the quasi-monochromatic light interferogram
through the phase-tilt iteration (PTI), after which the coherence peak of the white-light interference signal is located
and the coarse topographic distribution is calculated. The local least square (LLS) is used to calculate the fine phase
distribution. The coarse topographic distribution and fine phase distribution are combined to recover the three-
dimensional topography of the tested sample. The method is verified through numerical simulation and experimental
comparison, and the results show that the method has good vibration-resistant performance.
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Fig. 2 Flow chart of the surface recovery algorithm
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AR PTT 583k X Rl 3 18 A o B0 €00l + 37 181 3
A4k B2 A5 BSURH A7 F T 5 315 e A B A
BRERMTLIRAMAE. B 5 ) HF - RK
S ESSE R AL E S PTL M8 00 5 0r & i Xt
FOIET . 181 5 Ch) o i 3 25 2R 5 B0 {H 2 T 19 1% 22 il
2, A I ERIR 22/ T 0. 05 nm, R W] PTT 315352
PRt O B B AT AR e R

HHSE PR 0 B 80 B B MR R AT
- U8 B RE A A5 R - WS B Xk IO A SR A

PIAZRAE 53R s BRUHT 5 45 40 5K 105 A 1 sy &8
SRAEXE] . A LLS X X [E] N G+ 25 B i 47 4b B
15 BRE B 0 AR 7 53 A5, B 2 B R 0 B YR 5 4 A
EImE 6 Cad Brn. &G B 8y 3w B
499. 38 nm., 5L G i 5 BE Z 8] A9 AH X5 25 AR
0.08% . FEALIEHIZ JE G B 19— A K8 1) 4807
I FLAE £ B 10 [ — 37 B 9 4% 1T A7 X6 H L BT 6(b)
Sk WA A T A X EE T P 6 () by T A R T B =2 T
IR 2

4 0.06
£ g| — obtained by PTI
2 07 . ineari i o
= 210 non-linearity scanning é
2 1. £ 0.02
& ol B 0
=1 4
w _1| e
= 5 -0.02 -
g 92| £
g & -0.04 -
g 3 @

_4 : : ~0.06 , : g
0 30 60 90 120 150 30 60 90 120 150
x /frame x /frame
5 PTIMRSALR . (MAE LB E S ESEM ML ; (b fiFH iRz
Fig. 5 Calculation result of PTI. (a) Curves of the calculated scanning position and the real
scanning position; (b) errors of calculation
W Ah A B 58 X5 5 B 56 B 04 7 Y9 0w 25 R, ALY 1 M
Ra:MEizl‘Zzizmean ’ (26)

Ti WA 25 R, o3 AT TR P R SO B

0512002-5



E 425 F5H/2022 F 3 B/RFFIR

2 /nm

b (& 3
@ Y ® calculated height ( )E
800 - eeeeene i0i i 2
400 400 original height }f
; g 60 §° 1
Ea00 300 S 4000 Z \\/l\.
® =y k)
200 = 200; Té =ik
0 )
150 15 200> [ 100 200 =R
Py, 50+ 50 100 it . 0 50 150 200 250 "0 50 100 150 200 250

6 iy B 65 B i S R4S

x /pixel

x /pixel

o (=Y () — 4R R s (o) —ZER T Ay iR 25

Fig. 6 Calculation results of the simulated step. (a) 3D topography; (b) 1D profile; (¢) residual of 1D profile

’, 27

1 M
RQ:/\/MEJ'ZI ‘Z1 7Zmean

K M TGS B R R Z e BB B
VI E AR, Z, R T AR R SO IR S R R
i, HEEHLEN R, X R, ¥Hh o1 HE K
A ER R, 1R, 7354 0.07 nm 1 0. 08 nm,
S A BE R Z iR 28 /8T 0.1 nm, RPIA
WF5E P S VA AR S 1% 00 T BT STk v 6g . O Hoit

4 SEE

R T B AR Jy i A S BRI Y 1 R L A 5T
TER S IAEE T X b5 FR {4 459. 86 nm 1Y 5 B A 4
1T D04, 5256 R H A AH AL 40 BE R 1024 pixel X
1024 pixel, WiA%i & 50 frame/s. LED JGIR A 3.0 3
£ A, =545 nm, B IELFEL R 120 nm, &8 & K H
9 %K R 550 nm L A TE N 10 nm [T
B R iE 3K PZT A 3 20 £ B9 Mirau ¥ 58 #F
AR A AR N 50 Hz, Tl K% E N 34 nm
(A /16) 24794 110 22, HWEE Dl 3. 74 pm, L5
SRR FET W R KR T ERnE 7 i,

©)

B 7 i RENTHE, (HETHES
(b) B85 1 ¥ &
Fig. 7 Interferogram of the experiment. (a) White light

interferogram; (b) monochromatic light interferogram

A PTT S E e+ I 47 Ab B, BT i 25

RN 8 Fras . RS Y SEBR A B B AR
PR A 07 B 2 (R A X B AN & 8 Ca) T 7, D JE H T LA
B BRSNS R, SRR A L B AR
LR EZ M AAE w2, B 8(b) kL bx
FA 07 5 B M R 0 2 T O 2 it
& Hh B R 28 78 nm,

3
E_ non-linearity scanning (a)
E 2 ideal scanning
S 1t
g o}
2
gl
g _or
5
0 20 40 60 80 100
x /frame
120
E 80 1 4
§
= 40
Y
2 10
=1 L
g -80
% -120 : ) ‘ ‘ '
0 20 40 60 80 100

x /frame

&8 St A AR . (A0 E  (b) ik 2=
Fig. 8 Result obtained from the monochromatic light
interferogram. (a) Scanning position; (b) scanning

deviation

AL S8 116 T ¥ WLPSI 2 1% HDVSI
P A B SE 19 DVST 83k % R — 20 B8R i AT
Wb FR, TE S IREE TR 6 B bR ] — Xk i ) 2
VEJ T L B 2 A8, IR 9 (a) iz » =l 7 v T & Jit
WA =4 SRAE R 9(b) ~ (DR, F 10(a) H
TV B W K7 1) i 2k 5 1 B 1) B 43 16T T
3 B v K T T 7 S e AL AL
Qb £ 5 f 2 X L 43 0 T 10 (b) & 10 (o) FIFR
BEAh A5 B BT 3 B I SE AT R, R R, 1Y
TR A G B2 R, T R A R Y
R, MR, WAL RME 1 FiR,

0512002-6



& 42 % FS5HI/2022 F£ 3 B/RFHEER

2 /nm 2 /nm
500 b) 500
- 400 © 400
300 300
200 200
100 100
0 0
2z /nm Y
© 500 1500
o EL 1000
g 300
£ 200 500
[
0 200
0
1000
800 1000 100
o 600 800 -500
5. 400 200 400 609 1
& 20077 jpise 0
9 AEFEMBEBHERIES . (OfFSNE; (b DVSIL; (o) HDVSI; (d) WLPSI

Fig. 9 Topography of the step calculated by different methods. (a) Measurement without vibration;
(b) DVSI; (¢) HDVSI; (d) WLPSI

) 500

(©) 600

— reference — reference I !
...... DVSI «eeee DVSI l
480 [~ ~ HDVSI 550 | = = HDVSI |
--== WLPSI —-— WLPSI |
g 460 -h" - g |
£ " £ 500 |
© 440 . . 'O.h\ l
- l‘ o LoV
450 Se =g
420 Swe
400 / 400
0 200 400 600 800 0 200 400 600 800 1000
x /pixel x /pixel

Bl 10 —4E5e il s 25 T b, () EDGT W B (D) 7K J7 10 58 B 5 (o) 3 L7 Il 58 8
Fig. 10 Comparison of measurement results of 1D profile. (a) White-light interferogram;

(b) horizontal profile; (c) vertical profile
R TR J7 15 5 09 6 P 44 18 B 1A TE S04 30 (P 7 35 e BB L % Jm) 356 X 48R 1 T AR 4T 4%
T ELRE A O R, MR, FEAE B R 0 Bk 5% 2%, M XTI R R BF 5 O ik
Table 1 Average height of the step and R, , R, DVSI RS 58 I M W% 5 11 755 00 45 B 19 = 498 55, )

#1

of the vertical profile unit: nm AR T S S 2 1) 0 A R 2 N T
Reference ~ DVSI HDVSI  WLPSI 0.16%,R, Ml R, B 22/NF 0. 04 nm, H L EIFA
2% 3 v il - 48 A 2 S A s L 25
Height  459.620  460.354  447.287  908. 483 By 0 4 21 6 73 R 5 5 SR 5 B B AT Bk
) — 3Pk

R, 0. 485 0.515 2.897  57.284 A e T -

KT B E 2 A S bR rh ) AR P
R, 0. 604 0. 634 3.306  84.022

AHEFEAE IR 2 IR B N X & B AR A9 R — X AT T
10 WEE ML, K H DVSI & ¥k 4} A& — 41 & B il
(9 °F- 35 /85 BE DA R Il — A~ B A B A R, R R,
AT A5 R AR 2 R,

M b A5 R R LB L TR RS RS B0 R
G FOGRE AR T 3 5 1 B 2 AN BE IE &2 i o 755 0
JESLT . HDVSI BAAREMS R R & 15 I & Bir Y

0512002-7



E 2% F5H/2022 F£3 B/RFFR

% 2 DVSI il 225 5 THAE S 2] 10 4808 T & B B E e
Table 2 Measurement result of DVSI unit: nm 459. 927 nm,R, E]/\qu.igﬁ%j 0. 491 nm,Rq E{qu.ﬂj
No. Height R, R, E°4 0.592 nm, KA ARG 91 & B R, MR,
1 460. 204 0. 480 0. 584 518580 E BT RS 8 =02 500 W
2 459. 903 0.476 0. 587 ZEWME 11 prwn, ® 11Ca) 8 G B 355 BB 22
3 459. 485 0.478 0.591 BB 11(b) 2 R, w2 K, B 11 (o) i R, 1
4 460. 098 0.510 0.610 2.
459. 676 0.538 0.618 MRS SN ELE N —RR SN
6 459. 890 0.523 0.613 Y575 MR A 22 FEAT VAN P05 MR A 22 B E R
C f\' 2
7 460. 112 0. 489 0.597 2,»:1 Z.—7. )
8 459. 970 0.471 0.570 o, = N , (28)
’ 199069 04T 0078 K2, K5 i MBI Z e T BT
0 199,968 0409 0.7 PN B AR TR E) 10 AUHUR R A By
3 0.2 0.2

@ () ©

=
—

Deviation of height /nm
(=)
Deviation of R, /nm
S
Deviation of R, /nm
(=)

=
—

|
—
|
o
—_
|
IS
—

|
Do

|
o

|
o
[

|
=]
o

5 7 9 1 3 5 7 9 1 3 5 7 9
x /frame x /frame x /frame

—
V]

B 11 ARSHEMmER ., (OFHEE; (b R,; (OR,
Fig. 11 Deviation of different parameters. (a) Average height; (b) R,; (¢) R,

EERH TR 2N 0. 201 nm,R, 0977 w2 Modern Optics, 1994, 41(11): 2197-2201.
40,023 nm,R, AR K 0. 016 nm, & Fr [2] Lehmann P, Nichues J, Xie W C, et al. Measurement
R AR 22N T 0.3 nmLR CFIR \ (45 )5 A i)f recle;ngular edg'e anci grating SIEJu]cture; usingd.exlendecfl
B 22 249/ T 0. 03 nim, 1% 45 5 1 L — it 19 25 45 FE é?:;onggcz4;§fz;j§§$t“’ L Teames o
EEDR R WIS 50k Y T A R T B [3] Deck L, De Groot P. High-speed non-contact profiler
5 é'jj: -I//Iﬁ\ based on scanning white light interferometry [J].
International Journal of Machine Tools and Manufacture,
AHFSEHLHE T — Bt AR S BB 10 6T 1995, 35(2): 147-150.
%Umjﬁﬁ{i . IZﬁff%quﬁlﬁ)[ﬁﬂgé%*@ , EIJJEJE [4] Guo T, HuC G, Chen J P, et al. Vertical scanning
N N P - e s white-light interferometry for dimensional characterization
I €606 T 0 Pl PRI S5 1 o 2 9 0t 2380 of micrgoelectromechan}ilcal system devices[]J]. Acta
T O3 B T RE AR 0 =4 50 5 5t %K Optica Sinica, 2007, 27(4): 668-672.
{EL07 B DL B X He S 36 iy 45 SR R WL R PTT RE 6K S, MARE, WRHT, . I EH DR T AR A
1 3t B SEBR A SO SR LS R 8RS 5 b TR RS0 R RAEJ]. 4R, 2007, 27
TR AR D AR B AR AL 3 A . DF SR 45 R R A5 (4): 668-672.

DTSN T R R I gy ) Yoo HL Shen WD Gu B E, er el Thickness
A I B TS AT measurement of thin film based on white-light

spectral interferometry[J]. Acta Optica Sinica, 2009,

%ﬁ{mﬂi&*qjo 29(7): 1877-1880.
BERE, MR, iR, &R ERFAOE T W
5 £ X W iy TSR B 4 7 vk LT O 2E 2% i, 2009, 29(7):
[1] Hariharan P, Roy M. White-light phase-stepping 1877-1880.
interferometry for surface profiling [J]. Journal of [6] Deng QY, Tang Y, Zhou Y, et al. High-resolution

0512002-8



MR

E 2% F5H/2022 F£3 B/RFFR

7]

(8]

[10]

[11]

[12]

[13]

surface topography measurement based on {requency-

domain analysis in white light interferometry [J].
Chinese Journal of Lasers, 2018, 45(6): 0604001.
ETT, FEHE, AR, & T AT WSS BT
G B AR Y B R (T P E O, 2018, 45(6):
0604001.

Du H L, Duan Z B, Sun X D. White light interference
signal processing method based on Fourier frequency
spectrum  analysis[J]. Laser & Optoelectronics Progress,
2021, 58(9): 0907001.

MR, BOROR, PMNRAR . BT Fourier #1343 #1 1Y
FOE T ES M%) Bot 5t T¥ut e,
2021, 58(9): 0907001.

Zhang Z L, Su ] H. Simulation and reconstruction of
3D microscopic morphology of damaged optical film
surface[J]. Acta Optica Sinica, 2021, 41(2): 0212002.
SRRk, R . G R 5 3R T = 4R ORI
IS EM ], Jase#dle, 2021, 41(2): 0212002.
De Groot P, Deck L. Surface profiling by analysis of
white-light interferograms in the spatial frequency
domain[J]. Journal of Modern Optics, 1995, 42(2):
389-401.

Sandoz P. An algorithm for profilometry by white-
light phase-shifting interferometry [J]. Journal of
Modern Optics, 1996, 43(8): 1545-1554.

Larkin K G. Efficient

envelope detection in white light interferometry [J].

nonlinear algorithm for
Journal of the Optical Society of America A, 1996,
13(4): 832-843.

Sandoz P, Devillers

profilometry by fringe-order identification in white-

R, Plata A. Unambiguous

light phase-shifting interferometry[J]. Journal of
Modern Optics, 1997, 44(3): 519-534.
Ai C, Novak E L.

modulation peak in broad-bandwidth interferometry:

Centroid approach for estimating

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

0512002-9

US5633715A[P]. 1997-05-27.

Harasaki A, Schmit J, Wyant J C. Improved vertical-
scanning interferometry [J]. Applied Optics, 2000,
39(13): 2107-2115.

Shen M H, Hwang C H, Wang W C. Using higher
steps phase-shifting algorithms and linear least-squares
fitting in white-light scanning interferometry[J].
Optics and Lasers in Engineering, 2015, 66: 165-173.
Caber P J. Interferometric profiler for rough surfaces
[J]. Applied Optics, 1993, 32(19): 3438-3441.
Schmit J, Olszak A G, Mcdermed S D. White-light
interferometry with reference signal[J]. Proceedings
of SPIE, 2002, 4777: 472209.

Olszak A G, Schmit J.

interferometry with reference signal for real-time

High-stability white-light

correction of scanning errors[J]. Optical Engineering,
2003, 42(1): 54-59.

Liesener J, Davidson M, Groot P D, et al. Low
coherence interferometry with scan error correction:
US8902431B2[P]. 2014-12-02.

Chen D, Schmit ],
error correction in white light
Proceedings of SPIE, 2014, 9276: 927601.

Tereschenko S, Lehmann P, Gollor P, et al. Robust

Novak M. Real-time scanner

interferometry[J] .

vertical scanning white-light interferometry in close-
to-machine applications [ J]. Proceedings of SPIE,
2015, 9525: 95250Q.

Tereschenko S, Lehmann P, Zellmer L, et al.
Passive vibration compensation in scanning white-
light interferometry [J]. Applied Optics, 2016, 55
(23): 6172-6182.

Duan M L, Zong Y, Zhu R H, et al. Phase-tilt
iteration: accurate and robust phase extraction from
interferograms[J]. Optics and

Lasers in Engineering, 2021, 142: 106595.

random tilt-shift



