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Techniques and Applications of Chromatic Confocal Microscopy
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Wuhan 430074, Hubei, China

Abstract Based on the principle of chromatic aberration confocal microscopy, the chromatic confocal microscopy (CCM)
technology utilizes different focal positions of different wavelengths to achieve effective depth measurement; moreover,
CCM employs a confocal setting to filter out defocused and stray light to improve the signal-to-noise ratio. This paper first
introduces the basic principles of CCM and different scanning schemes, then reviews the development of CCM, and
expounds the research progress of CCM at home and abroad. Considering the key issues such as optical design, signal
generation model, spectral data processing, and crosstalk reduction, this paper summarizes relevant research schemes.
CCM technology has several advantages such as nondestructive testing, high resolution, high signal-to-noise ratio, and

effective tomography. Thus, it can be broadly utilized in various fields, including the biomedical, industrial testing, and

other fields.
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WLS: white light source
P; illumination pinhole
P dectect pinhole

SM: spectrometer

BS: beam splitter

DO: dispersive objective
SS: sample surface

FC: fiber coupler
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Fig. 1 Schematics of chromatic confocal microscopy. (a) Based on beam splitter; (b) based on fiber coupler
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PH : pinhole

AL : achromatic lens

BF : band-pass filter

BS : beam splitter

GM : galvanometric mirror
CL : chromatic dispersion lens
OL : objective lens
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Fig. 2 Schematic diagram of a beam scanning chromatic confocal microscope'”
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Fig. 4 Drawing of a chromatic confocal 9-microscope™’
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Fig. 5 Schematic of the snapshot chromatic confocal matrix sensor
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Fig. 6 Experimental setup and scanning pattern for the microLED-based chromatic confocal microscope™. (a) Experimental setup;

(b) schematic pattern of the scanning microLED array

1200001-4



HEXE &k
TE38 1 QWP PR , K F W5 B B G s i ik
JGIF 8% PBS S . #E PBS S5 96 28 b Bt (A B
75 B 1.2 5% A8 ) Th7 W R 000 i b, R e e SR B B S Ol
LT oAl o XA IS A D' T R AT A 1 BT AR AS 1
s TR BEAS B o 1R B % N microL ED ) ON
B R AR BRI Wy ) = 4E4R B . SRR A5 R R BT,
microL ED A B2 i i 4% 20 3D Sl i 26 £ 0 ol B 14 e ok

4 CCM # AR5t

H 1987 4%, Boyde " ¥ % + 0 B 4 % J5 B4 ) %)
T BB RS, COM 45 AR B & S 58 3% , AT
HAFH MICF BT 55 = A A % Bdi b B
LM CCM AR MATIFSE . 5540, Bl % 2 TR 5
AR ABVRL 00 & R w2 R T 2 O IR A A
PRGBS COM I o 1 BE A o — 2 3R T R
nlfg,

4.1 ATFCCMHILHBEWRZIT

ADIREN 1 C7/ kR0 8 WM E R P Sl E2F Sy N Y )
Bl o o R Tk B R BT A A B AR R AT T KR B
o FW T R ARG M IO E s A B
Be L KT ATIR A BB . 2005 4F , Novak %Xt 4t
I 3% B B BT AT T BIS AR O, 45 AR A L
MR TR, 2 F2¥E R TR RET6
O B 0R 45 R B BETE Y . 20224F  Lin T
— LT AR BN B (FZP) i 42 B R 4,
RGEEMME 7R . VEEXZ RGE AT T o HE S
T AR It S0 245 A 3R B, R e il e 0 S LR

(@)

White-light
source

FZP

1: XY translation stage with servo motor; 2: sample;
3: FZP objective; 4: Y-type fiber; 5: tube lens and CCD;
6: splitting optical path; 7: wide-field illumination lens

FI7  CCM o R AR 5t P S S REHL ™ o (a) FZP B (i B
ZORE K (b) JHFEAL

Fig. 7 Schematic  diagrams of dispersion focusing and

experimental prototype of CCM"™. (a) Schematic

diagram of the negative dispersion phenomenon of FZP;

(b) experimental prototype

F£ 6055 128/2023 F£ 6 B/BAESXEFZHE

ik 16 mm, %l 6] 43 Bk %35 20 0. 8 pum, 37 B W 4G 2 R
F0.4%.

BEAh BT 2 5 1B 5 (0 B0 B 4R R 8 BT i 1R 13K
W DA K RTREE . 2017 4F  fE KO R T @HUR R 4=
T RE o B 0 BB BT T — Fh B B, 0 B A )
B R AEY B, T LA B4R A 1300 pm A1 225 pm (4]
0 [, X R4 Al 4 R 4 i A 2 pm AT O. 4 pm
2021 4%, Yang SR T RO H0Y) B 00 BT
T s i il i) 2 €0 RG22 T G A B A B — 25
WG — T BRI S %O, BT
Wy 5% 1 (0 2R R ) R B 0..9998, 4R AR
2021 4%, Zhang %6 H W T HO D) 5 4 A i WUIR A i
BE o R HLE K AU A B B o o L RLRD S A HE, IF
15 S BB A 35 B2l A i BUE LR R I s
I LAY B3 A 15 €0 B R O K A B I 4598
4.2 CCMEREZR=SH#ER

G5 S 5 BT (FWHM . SNR 25280 ) 25 B 4552
W G 3 K B b B A X, e 22 I CCM A& &2 1 )
PEBE. CCM GIEME 5 M R A MOLF TS5 E 1
J55 HR BB FL AR DI AT FL A RSE VR S oot i B AR Bk Y
OHUER R AR 22 KB, s L4 B B M5 5 4
T — PRI N U B A IE . 201248 Bl R
AR AR R B Al RO S R B Kk
B EEER S TEREABAN T CCM RER
Al i) B

4

I(A)= Tfa sinc ™ [f(/l)if(foﬂ
A (2) 22l F(0]
S(A)O(A)D(A) , (3)

K a R AR B B B LR 5 A I 5 A A T RE A
TP 5 AN TR B A A B X R Y A 1 S ()
O(2) \D(A) 53 5 WG /3 A 4 00 4 B 5 23 R 0
A ) 7 32 3 AT F il ) 5RO 114 5 ) DL A AR 1Y
Jry PR M A T 3 T BRATL SO IR R TE BR /INFL AR | i S PR o
RS B LB B B AT FL Y R A7 BR /N RS o

2014 4F , Hillenbrand 45/ 3 - 31 58 = W 13 5 ) 28
W CCM &R S8 e BRI 4T T W58, $2 Hh % &
A B RST B B AL LA S £ FL B CCM & G5 7 11
LIS E e i I D O AT E W E R et Rl R =AY
P LA AR 55 35 sl A AR KAR 2 5 & 0 L
AT BE B2 AL o 1 114 &85 SR (LI 208 R S H AR, A b 5
ek RAAEEF . 20184, Claus %7 2 H — Fp 32 T
P e A7 S B O A Ol i M AR AR R vp S T 3 T A
o Ik AH 22 B B2, R LR R X U8 B 2 T A% I
K .

2021 4F, Chen 5E "I & T — 4~ 4% (i 5 AR Al
o 1R o 3 A W U R A R D K- A R
PE SR T T Y G A AR N R S - K T

1200001-5



HHEXE - Fik

B H IR R - R BB . [FAE, Nizami %702
W — Pl T 2 G LR OGS LS S I sl o eE
R ZBE AL G LT Hi 6 AR A R A 3 A X R
8T R ST 3 i B AT AR A T SR RO IR AR SR
o S AEF R B AR T 25 R 5 S 45 R LT
SEEYI Ao
4.3 CCM RZZHFHNXILESHE

CCM F Gt [T B0 1) 06 135 B 5 22 6 00 K BR G 15
5 OGRS — LA B BRI MR A D K SR IR bR
EMEUAESHEA A RAWNERE. XT
CCM HH5 b # A BF 5%, 38 B4 P 78 63 0 — fk Ak 2
A L I K 2 BB A T
4.3.1 RigEHmiE—1k

K )P B RS AE A — E RBR H IR T
HWECHE 43 A5 SCA) B ) S O(A) AR 28 ] iy
JE 50 A D () %5 PR IR 6% 5 5 s, o —
SZE BN, WEEE,S(A) .0) D)% R G L Pras
P 7 A ) A VR T R R R LRSI Y R ET
FIE -5 S35 b 0 A5 19 B2 5 o i 0 A1 00 O 25 L B SR A

RM SBF, AL, Al |

%60 EF 12 H1/2023 fF 6 A/ SBFEHE
Iy 2 T A A, O L BRI e 215 3] A A 0 -7
BRE LA LR . P, R E AT o0 1 50 22w
ST B S B e 1 50 A0 I 00 5 ), BIOG R R 1
—ARAL B TR T — i W 5T S8 R AT
PLar R P2 . 1) el A8 D B 45 4, I 6 48 5 I 11 A9 0635,
SR fige 1 HE A USRS 0 256 2) BT A
RAHCTEAR 5 i S HOE .
S Gk I R W WFIE R, A 2R AT —
Bl P b A6 0 — L Ab B . 201248 BFCAR R
SR ICTEAE S 65 AT 00— A B I B T 6 TR
T 43 A1 NI g e 1 R P ) S e (EAT AR AR B Tk
SO R YE . 2016 4, T 22X 2 6T R
B, TR P A I 0 452 AT 2 B2 250160 | 20y ik ik
— IR T O R E AR R . 2019 4F , Bai %K
T T A 8 R i 2 5 R )OGS RO R A5 1, Of 4T
XL R G TGS R — e or ik, K8 L IA R
OB DA HARIVE  RA NS %, MA il &,
SBF J& HAT B8 38 S 45 44 1) 25 [B) 47 38 D8 0% 4% . 6B
Fr SR () K B 228 5 RN I 12 R 1) S S 1 T A A A

LS: light source; AL: achromatic lens; CGF: colored glass filter; AS: aperture stop;
Al adjustable iris; CDL: chromatic dispersion lens; MM: measuring mirror;

RM: reference mirror; FC: fiber coupler

P8 it f il ik 7 ¢ i HE

Fig. 8 Schematic of a chromatic confocal measurement system"!

RA: I (A)=1,(2,)+ Iy (A)¢(2,)

MA: Iy (A)=1,(2,)+ I (A) () p(2,)
AP AR T (A) 2 GRS AR T 21 A ok 3 RA Y
BT ATE 5 T (A, ) 2015 AR TN 21 1% > B MA /Y R 51
615 1, (A) RN GIR B3 A DA BB 6 10 (4,)
5= M RA 3k MA ) )5 38 & SBF, 5% SBF, (1% 5% 1% ;
G () I8 RA B ST 285 (A0) 42 (0 10 B3 10 0 — 1k (A Bk
RE, AT RN N

(4)

:Iw(/lk)*lo(}k)o (5)
IR(/U)*IO(M)
2021 4F , Bai %R I A 2 7% & BUREIE 19 635 R

()

PEIE — b J7 3, T B8l R G5 4, i 2 DA T 5 I 45 1Y)
AR B G BE Th R I S H i . B9 R T 3R EL
HZZ R, B3N (1, 4,4,), B
3 ol B o' ) 1 5 R o N, 0 0 E A (d d, L) b
Wde RAA 1A, d,) I(A, d;) I(A, d,) 5 9 o 5 i %
M7 d, d;.d, A0 RGN0 RO B S% 0
Lo () HP AR A K ) 5 B8 BCHS e B 8 31 1Y) o Ko B
}HJJ Ire[(/lp):I(/l,”dm), Iref(/l,):I(/l,-,dj), Iref(/lq):
I(A,, d,), M B A K N L(O)BEFN BN

Lo(A)={ max [I(A.d)], - max [ (A, d)], -,

max[[(/l,,,d)],---}o (6)

1200001-6



HEXE- -ZR

self-reference
1[4 spectrum

SN RUSTESELTNIE S AV aTa 1

Fig. 9 Prior self-reference strategy by pre-scanning progress

EEH AZHZLIE N~k 5EENAEA S %
T —ARBE R AT T XL, AR 10 . 151 10(a)
gl 1 AN R AL A U — A S e, T LR
L PR 7 vk A B 2 59 VT — A B O (R A
HAEE . [ 10(h) KRB, A IH — Ak J5 245 B A (1< -
A7 B 07 R AE PR A A3 B . 1€ 10Ce) S A 7
A5 B A R L 2 A S By 2 WU A B 28 W] LUR
A 2% b R e s 3 i 1T LS L .

[44]

@ & 1OF .
E 240 pm |/ 340 pm :
g o8y / i
;g 0.6} / \ [
;% 04r I
E 02}
Q
Z 0 :
400 T
(b)E 340 pm
<3001
E 240 pm - ©
z 200 &
2 e
% dikem response curve é | f
.n 100 ¢ (non-reference) = || '|’,1 (4, 240 pm)|
/A 40 pm ~sresponse curve g\
; 0 (self-reference) 50 nm/div
@z 5
E 0 _% - by non-reference
g 5 J,"l \\"‘Jh_\' e~:l'll'-J't‘l'l't'l'u:'ll' ;
ﬁ 430 480 530 580 610

Wavelength 2 /nm

10 1122 B0 W i 0 Fo o
Fig. 10 Measurement flowchart with the prior self-reference

strate gyL o

4.3.2 HAEE KR

U B I K 4 HUE: COM £l b 348 v 5 — > G g [
B, CCM & G b iy HT i W 8 0k 2 2 0] 43 o B0 5
UG L AF o N2 B TR O VR SR AL R R A
T3 AL A AR R 09 B L W R T mean-shift B
W FER R B ERA MO R oA
A3 TFA R B R B R L XA B FR A RO SRR
By, R IR AH

F£ 6055 128/2023 F£ 6 B/BAESXEFZHE

2"1”
= , (7)

n

2

K WO E 0 i CCDIREFE 551, W4 n %
ESSINAIY/ IR

TE O R B S Al AT AR S Dt Bk oy
ISR o 25 R0 BRI o 0 5 5 o S D IR o 85 K
{EL S O VB S AL, AH EL B0 38 BRI 28 T e A 3
G F N FUELE LA, A

anf

r=— (8)

n

2k

1

Vo] L S5 0 2 44 D i 5 (A OB, SR S X A e S
0 R felT ] B0 v DI A Tk B 1 B2 MR A B e AR
AR AR IR B {1 K0 o 5 e 5 2R 1) 52 ), B U FE T I (E T
B AR AR 8 T 22 K S e 1Y 22 g o B {E BT 0 A 3
J/(I

n

>nll,—T)
(1L, T)

e K0 S8 00 A0 R e 2 LB L
B SN SE AT M A B A
WA I A S R R Bk BB 7
T CSITN

f(x)Aoexp{(x_zb) }, (10)
2¢

KA ACHARIR ; 0 IAEARBIE s c HFEAR T 2.

2019 4F , Bai 85" 2 ) — Fh ootk i) 50 F g Bk
E 1 R J0T 0 92 I S X 15 B AT R B A A . AR A
S bR AR AT TR B TR R T L
AN () 975 (5% B 1 o5 00 B0 1) - W 25 2 0 3 1
o A% T A2 7 B R S Y 2k 200 IR R S 6T HEAT S
WA SRR R B v AR %85 18 R 5 0 9 1R 0k o 0 RV 1Y
P Bh 35 B 43 5 4 0,059 nm 0. 050 nm 0. 047 nm, 5 #
2435125 0. 01 nm.0. 0091 nm 0. 0089 nm, 3 i B ik 4
P4 JOT 2 AT LA o 38 2y B v 0 o 43 FE s RS e M

AR B K251 Chen 55V 4 — ROk B2 & 3
ORI IE IE LA T 35 (CFDA) IS (A HUR B 5
LA FE A Y H R AR ' 22—
AR IEE B —Fh 3 T mean-shift B8 1 16 (5 % K 2
BB s (MS AR5 ), 5500k e 3 4n &l 12 TR .
myo(Ay) AR R, kX QD R, my o(A0) —
Ao Bl mean-shift [1] & , A, A i 0 3615 B BRI LR H e b L
VR 22, 24 mean-shift [f] 5 4 /N F RIF IR ZH AN
my,o( Ao ) R RERE o 3 AMEBE X T MS R 5 i
D CRETELA T I LA R RE R B, &5 A

(9)

X

1200001-7



F£ 6055 128/2023 F£ 6 B/BAESXEFZHE

Wavelength 0.02 nm /div.

Measuring number 50 /div.

BIL1 R[5k i ss s ol o (a) Bt s () A (B9 B 5 R ke o B0 6 5 (o)A 1846 7 O Ay el il I 00 15
Fig. 11 Fluctuation of peak finding results of different algorilhms“(”. (a) Centroid method; (b) modified centroid method by the

interpolation density of 5; (¢) modified centroid method by the interpolation density of 9
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K12 Mean-shift 1% C5 ¥R
Fig. 12 Flowchart of mean-shift iterative algorithm
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Table 1 Performance comparison of different peak extraction

algorithms'"”’

Pezlilgejrtirticr:on Accuracy /% Precision /% :::jer:s
Centroid peak extraction 0.4276 1.3968 0. 0064
Parabola fitting 0.1626 0.8139 0.5021
Gauss fitting 0.0113 0. 8001 6.0817

MS iteration 0.0979 0. 8096 0.0972

DU 2 (1 o 5 AT B B o, Nt e £ LS T AT
it

2021 4F I R Tl K 24 1 5 s i AT T 36 F
JE A0 A 1 e £ 2 I T R I A RO G A
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[ B X5 — B4 AT R, B Sk ke U A 4 . 17 B0 4
Mre M . 78 Ay =0.5.2=532 nm . f& JC X ~F 4 4. 65 pm
B, R T H DU B 1) 4 L AR & 43 9% 7 W] 3K 0. 46 pm,
i T A ey BB 4 5 | A 1 il 1 R 1) 43 E T B Y
[7) f

Li %R 8 T — R0 microL ED (i BAT K 45 4%
FEEFFL IO IS L AR BT L A 430~490 nm B B N, 52
8. 4 pm W EER . RS L microLED 1E b 5 56 IR
(BT A ESETIWEIDEE 7k Xub =Sl IS s X
FRFLEE AR B 51 AP & T TR B A Y X L R RO L
FHZ R GEXT 8 o & (1 1 5 B FE R AT 1,
45 R N 8.025 pm , bR 22 4 0. 055 pm, 5 R W& 14
Fi7R o D3 AN XF V2 b 3R B A0 ML E AT T R, A5 R
K15 Frs o
4.5 CCMEZHTEMMBRAR

R ) A R O T SR, e S R
T A3 ATT R e G 2% 4 BE AR AT 51 R Ol % 2 A8 W BB
14 Bl ) 20 90 0 T B RS AT CCM &R B2
B, R H R MO SR B R B
FURE S m R IF T .
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detector |

detector |

slit

signal light

Pl 13 B B 4 A 4000 S A0 7 B L (a) W B 4 () i 400k 4

Fig. 13 Schematic of physical slit and virtual slit detection™. (a) Physical slit; (b) virtual slit

2011 4F, Chen &5 R F 40 i1 P45 A% i Y6 £F 14 51
PR AROLIE IR RS A E XL 842 (8] A A
R ERPERY R BEAT T WESE . K16 R T SCHR[ 84 ]
T A A A O L R A B R — X
2R HES B BSRAL S G 21 P 9, OF 5 2 P PR S 4R i
M /MR S 8 RO . 18] 17 () JE s T LB 50
100 R 45 AR O 2T ST M % B AR TR o Ak 1 A ST O

2B 5 HS R B I A9 22 8] — R — 1 e g ok

B 14 8 pm 3 B RE i B 48 T 48 i 18T o E17(b) R T BG4 s A2 fnfa) B, 5 485k
Fig. 14 Cross-sectional surface profile of the 8 um T A 22 B0 G G 2T s R o i B AR B G £ TE)

step sample™” I O f 75 8 280 /M

60
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-100
X/pum

-
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B
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)
3

P15 il v 2 B = RO B () = 4R IEIR 5 (D) IR FR B R

Fig. 15 Reconstructed 3D image of an onion epidermis and its volume image"”. (a) 3D image; (b) volume image

. Spectrometer
(2) g (b)
Optical fiber
onjugate point
\ Slit ‘
Optical fiber : Beam splitter
Lens

source Chromatic

objective
P16 ZRHai % (o 3 3R 48 B B R B IR (a) JE 22 55 4 70 (b) J5UM 2R 58

Fig. 16 Schematic diagrams of line-scanned chromatic confocal microscope™. (a) Optical configuration; (b) prototype system
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Reflection ight focus paint

P17 2 I VE e R 2R R B (a) SRR X 1 o6 2 45 44 P3O 1 e A2 2 T 48 3 ) o i R R ) ER I A
() #3582 AR O At B R A O B A A 2 BRI AR 45 4
Fig. 17 Schematic diagrams of the spatially matching image fiber YT B R DS R 4

pairs™. (a) Optical configuration of fiber pairs; (b) optimal

RIRFME G S AR E N PERK T, F20@RT
S 45 B BRI 5 06 1S A5 5 X6 e DA SO TR 2 AR O B

2012 4%, Chen S RB F B S B E 2Tt i ES M EWHM, T UFEL, & 6 kR E
e M 2R T4 0 S 4SO T U /NS ) AR . ELAR FWHM M 26. 1 nm J# /N8 0. 9 nm.,

(a) {b)

| - - rs
Lishi sauoe pa ‘.' 'll o
Otical lens / | |
|
Sooodooeoad

Chomasic CESE0EEE0EE
ahjective IIBIIIIIIIIIIIIIIIH

design of the fiber core diameter and fiber pitch

Digita] micro-mimer device

El18 JeERGEH . (a) 3T DMD M35 445 B HOR 4 5 (b) DMD #EZ A ; (o) X i CCD & & #%
Fig. 18 Optical system configuration™: (a) DMD-based chromatic confocal microscopic system; (b) DMD projection mode;

(¢) corresponding CCD sensors

5 CCM L H 5
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I 1) 2 BT AR HOR T8 AR W BE 22 AR O 2 TR
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10 I B ERISE 9 50 2 Ot - IR BRI SRR
Fig. 19 Light intensity distribution obtained using four different j(bjﬁf% R BRSO R R 2 . o6
projecting spot sizes™” GO R H B R AN R K R B R Y (7l<§ )

Intensity (a.u.)
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: i e
& I £
i Spatial axis ' =151

. ADeconvolution result g =
E g
g 0 e
[7e]

— = W % ™ W W W W VI - T T

Spatial axis Depth (um) Tteration unmber

(a) (b) (c)

Fl20 92 o (a) AR S (R 5 5 — K BB FUS AL BLE 519 LA (R R B AR, RO AR HUS M5 FH) 5 (b) ATl AR 8k
ARAT B GR I R IS HH 25 (o) 3k ARUCK S TR 2 R B 1 £ F W HM 956 &

Fig. 20

Experimental results™. (a) Comparison between the original spectrum signal and the processed signal after one-time

deconvolution (the above is the original one while the bottom is the processed one); (b) depth response curves obtained by

different number of iterations; (c) relationship between iteration number and FWHM of depth response curve

FH EE I 2R £ 0 OB AR TR B T B R R R
TOLTE I AR A P9 T B H R ST RO BRI
TeARiC R B O A5, RS 2 W B ER R
Olsovsky &/ Fi1 i 3% 22 56 U AR BR 1A 15 B2 LA &
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{14 36 Bl N AR A T3 e ARl 1) 20 9 5, L 2 40 M0 R
RE 1o &1 21 FIAT 22 S IO % S £ 0 A Rl T 3L 2R

(@) o ] (b)

100-pm

HEU1 (a) B BORE B 9 CCM 55 (b) 2 H Lucid
Vivascope 3t 5 £ I 1 55 i A [7] 20 4 151 1%
Fig. 21 Media 1", (a) CCM image of porcine buccal mucosa;

&l 21

(b) an image of the same tissue from the Lucid

Vivascope confocal microscope

o :: @

100 um

100 pm

42, (a) BRI CCM B 1% 5 (b) & H Lucid
Vivascope 2 5 £ i #0551 AH 7] 20 21 51 1%

Fig. 22 Media 2. (a) CCM image of porcine buccal mucosa;

Kl 22

(b) an image of the same tissue from the Lucid Vivascope

confocal microscope
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Multimode fiber lllumination slit Collimation lens Objective

CMOS sensor '\ Focusing lens 2 Collimation lens 2 |
Plano concave lens GRISM Detection slit

Miniature spectrometer

23 il I g B A A

Fig. 23 Schematic of chromatic confocal endoscope™’

50 pm 50 pm

Cross-sectional, CCE Cross-sectional, CCE

(b)

(b)

En face, Portable confocal microscope

25 AR J Ay T k£ B4 (a) i CCE R BRI
R A A AT A PG5 () 058 445 1 3R 4 0 A 3R L

BN AT TS A P I T 4R P
Fig. 25 Cross-section confocal images of human lower lip"™”.

En face, Portable confocal microscope (a) Confocal image of human lower lip internal section

obtained by CCE; (b) Frontal confocal image of human

F24  ANETFHR NI ERAT . (a) H CCE 4RI A 2K lower lip obtained by portable
THa A LA 1S (b) (o) T 4% 1L 58 48 W) Gl i A1 LY confocal microscope

N T A PN TR R T R LR ; \ "
. o NTRRAREERERREEI i b e R SOE 97— 5 R B M
ig. 24  Comparison of confocal images in human fingers™". 5\ A e e B e — A L o S R A 3
(a) Confocal images of human fingers obtained by G e 1’35%&5@_5&’% Ei%ﬂ%‘gﬁiﬂ%T T
CCE; (b)(c) cross-sectional and frontal confocal images Vel 27 Jiop 1 9t REEARE il B 00 ek 25 3R I RO O A LA S v

of human fingers obtained with a portable FH VR B 0 JEEASC T 0 23 SR R AT TR b, B SRR 2 R .
confocal microscope S T A e 1 5 7 A
@) Light source (b) (©

Annular
/ aperture

Beam
spliter

[

\ Spectrometer Focu

[ wavelength
| Dispersion
5 ; Vi prnIlJ:e Off-focus H,
s wavelength

Working

distance ; . . Hy
'"";‘Dlsperswn Sample
.- Y. range s Vi

P26 ZR G5 Al LA R (o i o TR P () O 3% T 4 2R 0 SRR I 5 () (0 CHR B I 3 61 5 (o) BT I BRI 45 40 5 () 30T UL B A 5 £ 114
BME R
Fig. 26 System structure and dispersion probe schematic diagram™". (a) Schematic of the chromatic confocal system; (b) schematic of

the dispersion probe; (¢) structure of the annular aperture; (d) the beam of approximately fixed angle of incidence
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Fig. 27 Three-dimensional thickness topography of film 3"
AV O ASC D (B A9 P 29 22 (/0 T 1.9 nm, 5 48 #9 P ik
BMEAEZ) 0.6 nm LA o 3% TAEUEW] T % % 3 £ 1 &
e NP T JE R 0 A ) e SR
Lane % & T —Fot ik e 48 W60 g5, >R
T A B2 AT 3 R (GRIND 3 BE7E 200 nm f) i 1 il 5

H2 R

Table 2 Thickness measurements of different instruments'
Thickness /nm
Film No.  Ellipsometer M- . . Self-reference
Filmetrics F20
2000 method
Film 1 93.56 91.88 91.92
Film 2 299. 34 300. 10 299.99
Film 3 508. 25 510. 23 509. 82

(b)
(e)

40 pm BN S B o 2O T 2R AR P BB X B
b FES R 1EAT BSR4 L I R H Sheppard 48 42
A5 5 3 9 AR X R HEAT T AR B, 45 5 n 5] 28 i/
& 28(a) (d) £ W], R G5 B4 360 Ip/mm Y ) 53 B 4
(Z91. 4 pm), [ 28(d)~ (D) R F S8R5 M 45 5% 45 R %
B {5 5 B SO AN 2 2 e R 1) 4> BE R . i TARUERH TR
FH GRIN i 52 i €8, 22 52 90O 3 o £ W SO i T A7 1k o

(f)

28 Scuh R GUARRRYILAR R (a) AR v 23 HE A A s (b) AR R 28 05 B B9S24 88 23 5 (o) TR AN [R) K S SR A5 19 7] — & R 08 2
533 ()~ (D5 1E b A TE] B R 627 1) R 58 B A BT 4 5

Fig. 28 Confocal images acquired with the experimental system”.

(a) Standard resolution target; (b) optical section of a

microprocessor chip; (c) optical section of the same chip acquired at a different level; (d)—(f) identical to those directly above,

however, the optical sectioning strength of the images has been enhanced

5.3 CCMESEFMI SN FARA
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2 ik A8 30 A 3 45 R S, 6 R GE i o R 2
7 T VAR, 38 3 o T 5 0 2 AL A 3R 22 1 5 iR
(RMS) AR (PV) o &5 5 7R, Rl & #L 6l 6 F
Bk mi A R A9 RMS fw 22 39 /8 F 0. 2 pm, PV i 22
INF0. 4 pm, 92 ORGS0 TR BE R

2020 4F , Zakrzewski % T —Fp A T BOG
T3k 1 S i AR A B A B T A I LS in TSk
5T B Z R RESEMWE 30 iR, fE&
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Fig. 29 Structural configuration of the on-machine measurement

system''""

F3 OTELRMBLRM ALY

Table 3 Form error parameters of the on-machine and offline

measurements' "’ unit: pm
On-machine Offline L
Sample  Parameter Deviation
measurement measurement
Spherical RMS 1.4930 1.320 0.1730
surface PV 5. 2480 4.886 0. 3620
R .2 . 0621 .14 » e ] 10
Freeform MS 0.2096 0.06 0.1475 B30 62 28 T Mk B n
surface PV 0.8839 0.5319 0. 3520

Fig. 30 Schematic presentation of the principle of operation of

PESEAT T WFGE RS0 T 45 260 1 2 73 0 4 WL 360 the optical system
I A3 HT T RE I IO T 25 PR 22 % 0 IF W AT T L 58006 0 T 7 A R B X A0 FF . S
BB T 31 hTEAE G R B R O T AR I SRR A T PR R ML, £ 0 1 W (K AR, % B
S5 R AR R ST [ 31(b) ]S Gl T MO0 0 T 76 28 0 0 et

104]

T T

a) 100004 | b) 10000 -
@ 6000 @ 8000
%‘ £
£ 6000 E. 6000 -
= z
(7] 7]
| =
3 4000+ § 4000
= £
2000 2000
0 T - T 0 T T T
400 500 600 700 800 400 500 600 700 800
2 (nm) 2 (nm)

P31 7E P RlOTR &S T 4RI 28 AR O G A L () B LIRS (D) FEZRIR A&
Fig. 31 The spectral data acquired by the detector in two states”"". (a) The offline regime; (b) the online regime

6 82 R Efﬂﬁj\iﬂf?ﬁ)‘ﬁ?ﬁﬁﬁ;%*o%%%XXEH&EE?)‘ZET%??
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HE R LA K T 37 50 45 3 A BE R, 0 CCMBEAR T 5 580 COM SR Y AR 3 B2 7 — 2D T, SR T 48 A1
T4k . R COCM BORBEAT = 4E iR 19 3 R0 J5 ik v ARG RE A FH = B Ay )™ E A A3 I [ e R i Ry FH A —
R TT SR R IR B B s B R B AR RS . MicroLED SRR R0/ sz g ok

1] 73 B3R A0 5 R, (LA 7 4514 B 0 L S PR g 7 o (4 I s A R R CCM T 83000 ) i e 7 5
[Fa) 250 5 1 25 ) B Al o 2k 41 4 D S8 000 41 4 3 B A B 05 CCM HOREE T (A HLA RS U, W) B WL 2 e
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