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Abstract: Spectroscopic ellipsometry has been widely used in materials science, microelectronics, physical chemi-
stry and biomedicine. In the spectroscopic ellipsometry system, the degree of polarization of the light source sub-
system and the polarization sensitivity of the spectrometer subsystem will affect the measurement accuracy of the
spectroscopic ellipsometry considering the leakage of polarizer and analyzer. To remove this systematic error, we
included the degree of polarization of light from source and the polarization sensitivity of the spectroscopic ellipso-
metry in our calibration model; a method for measuring the polarization state of light source subsystem and polari-
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zation sensitivity of a spectrometer subsystem is proposed. To verify the method, we present the measurement setup
and results for a commercial broadband light source and broadband spectrometer.
Keywords: measurement; light source; spectrometer; spectroscopic ellipsometry; polarization correlation coeffi-

cients
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Fig. 1 Structural schematic diagram of spectroscopic ellipsometry measurement system

180507-2



DOI: 10.12086/0ee.2019.180507

) (polarization state
generator PSG)
(polarization state analyzer PSA)
( )
PSG  PSA

(rotating polarizer ellipsometry RPE)

(rotating analyzer ellipsometry

RAE) (rotating compensator
ellipsometry RCE) (dual
rotating compensators ellipsometry RC2)
RC2
PSG RC2 PSG
p G
PSA
PSA
RC2 PSA C A
PSA
6]
[13]
I=1,(LA,A,,A;)R(-B)M,R()

‘R(-w,t —C,)M_ (8,)R(w,t +C,)

"‘MR(-w,t —C, )M, (5,)

‘R(w;t +C,)R(-0)M,R(0)S,, , (1)

S. PSG
Sin :Po(l’Pl’Pz’Ps), > P()
P, P, P

PSG R(a) a

8 B C G

C C, w, W,

Ci (6
5, 0, G C,
My My Ma Mc Ms
G G
A A A
Iy

R(e) My, M, [6.16]

1 0 0 0
R(@)= 0 co.s2oc sin2a 0 ,

0 —sin2a cos2a 0

0 0 0 1

1 100

111 1 0 0

Mp=M,=310 0 0 o

00 00

[I)Al)Az)A:;]R(_ﬁ)MA
1
=5(1 + A cos2f+ A, sin2f)[1,1,0,0]
= AS [I’I’O’O] bl
M,R(0)S,,
1 . '
= EPO(l + P, cos20 + P, sin20)[1,1,0,0]
= P,[1,1,0,0]

(3) (1)
I=1,A;R[1,1,0,01R(B)R(~wyt ~ C,)
"M (8,)R(w,t +C)MR(-art - C))
"M (8)R(ey+ C)R(-0)[1,1,0,0]
LAsPs
P, Py A A A) M
(P, P, Py A A A

Ms
M, M, [7,15]
1/2 1/2
1/2 1/2
M, =
Im(y;) Im(x,)  Re(y)
—Re(y,)—a, —Re(y,)—«, Im(y,)

i=A P Qi xi Vi

M :Re(XA)_‘xA
Na =Re(x,) +a,
k =14+A cos2+A,sin2f,

180507-3

(2)

3)

(4)
(P
Ms

_Im(Xi) Re(Xi)_‘xi
_Im(Xi) Re(Xi)_“i
_Im()’i)
Re(y,)

(5)



DOI: 10.12086/0ee.2019.180507

k,=-A sin2+ A, cos2f
Mpy = Re(xp) —atp

fn = Re(y) + 04

kp, =1+ P cos20 + P, sin20
k,, =—P, sin20 + P, cos 20

(3)
[17A1)A2)A3]R(_ﬁ)MA
1 0 0 0
0 cos2f -—sin2f 0
:[I)AI)AZ)A3]' .
0 sin2B cos2f 0
0 0 0 1
1/2 /2 —Im(y,) a
1/2 /2 -Im(y,) Na
Im(x,) Im(y,) Re(y,) -Im(y,)
“Naz “Naz Im(YA ) Re(YA )

— U

1
1
—2Im(y, )k, +2Re(y, )k, +2Im(y,)A,

= k, +2Im(x, )k, — 21,4,
21 .k, —2Im(y, )k, +2Re(y, )A,
L kl +21m(XA )kz _2’7A2A3
=LILLY,, Y], (6a)
1/2 172 —Im(y,) Moy
M,R©)S, - P, 1/2 172 —Im(y,) Hpy
Im(XP) Im(XP) Re()’P) _Im()’p)
~Hp, ~Hp, Im(y,) Re(y,)
1 0 0 0 1
0 cos20 sin20 Of|P
10 —sin20 cos20 0 P,
0 0 0 1[|P

1
1
2Im(x, )k,, +2Re(y, )k, —2Im(y, )P,
kPl - ZIm(XP )kpz + 2’7P1Ps
—21p,kp, +2Im(y, )k, +2Re(y;)P,
kp, —=2Im(x, )kp, + 217, P,

o

(6b)

(6a) (6b) (1)

I=L, 1,1, [LLY, Y.} R(B)
‘R(-w,t =C,)- M (8,)-R(w,t +C,)
"M -R(-wit -C,)- M, (5,)
‘R(wt+C))-R(-6)-[1L1,X,,X,] ?)
LoIpla (Y,
;) (X2 X5) (A A,
As) (Pi P, Py) M
M; (P, P, P; A A A
& Y Vi 0.001
(Y2 ¥3) (X2 X5) 0.001

RC2
0.002 (Y2 Y3) (X X3)
(Pl PZ
Py A A, Ay

22 MESE

0

P (1) P
S(0)=PR(-0)-M, -R(0)-[LP,P,P] ,  (8)

Py
0.001
(2)
M, (8)

S(9)=%P0(1 + P, c0s20 + P, sin20)

{1,c0s20,sin26,0] (9)
6=0° 45° 90° 135°

SO)=3BA+R)1LL00] . (100
5(45°) :%Po(l +P,)-[1,0,1,0]' , (10b)

180507-4



DOI: 10.12086/0ee.2019.180507

S(9OO)IlPO(I—PI)'[l,—l,O,O]’ , (10C) (143.) (14b) (14C) (14d) (14C) (146)
2 (14a) (14f)
$(135°) :lpo(l -P,)[1,0,-1,0] (10d) 4 - 1(0°,45%) ~ 1(90°,45°) (15a)
2 T 1(0°,45%) + 1(90°,45°%)
B 1(45°,0°) — I(135°,0°)
A 1 @ 27 1(45%,0°) + 1(135%,0°) (15b)
- 1(45:,0:) - 1(45:,902) ’ (150)
A(ﬁ):Ao ‘[1>A1,A2;A3]‘R(—ﬂ)‘MAR(ﬁ) I(45°,0°) + I(45°,90°)
1(0°,45°) — 1(0°,135°)
:%AO(1+A1 cos2f+A,sin2p) B = 1(0°,45%) + 1(0°,135°) (15d)
{1,cos2f,sin2p,0] , (11) (14) 6
Ao [=0° 45° 90° (15) (Ar A, P Py
135° (13) 0 B
N 1(B,6) A; P
A(09) =2 A,(1+ 4)-[LL0.0] (12a) a P
A(45%) :%Ao(l TA)LOLO) . (12b) 0
A(90°):%A0(1—A1)~[1,—1,0,0] . (120 Sc =CyR(0)- M (0)- R(0)-[L,B,P,P,] ,  (16)
1 Co )
A(135%) = A(1=4,)-[1,0,-1,0] (12d) M) C
S
0 P M, = (17)
0 0 cosd sind
A 0
p p 0 0 -sind cosd
(Al A2 Pl PZ)
S.(8)=C,[1,P,P,cosé + P, siné,
1(8.0) = A(B)S(0) (13) —P,sind + P, cosd] (18)
(10) (12) (13) 0
1(0°,45°) = A(0°).S(45°)
] A(8)=C,[1,A,A,,A,]-R(0)- M(5)- R(0)
:Z%A0(1+1)2)(1+A1) ’ (142) =C,[LA,,A,cosd—A,siné
1(90°,45°) = A(90°).8(45°) LA, sind + A, cosé] , (19)
:iPOAO(1+P2)(1—AI) , (14b) G (18) (19) Sc
1(45°,0°) = A(45°)8(0°) Ps (12b)
) (12d) P, Ac
:ZP0A0(1+})1)(1+A2) > (14¢) As (10b) (10d) As
1(135°,0°) = A(135°)8(0°) 0
“lpaasp)i-a) , (14d) A A
4 Ps 0
1(45°,90°) = A(45°)S5(90°) p >
=iP0AO(1—Pl)(1+A2) , (14e) A,
1(0°,135°) = A(0°)S(135°) P; 2(b)
1
:ZPOAO(I—PZ)(1+A1) (14f) 16,8)= A(B)-5.(5) (200)

180507-5



DOI: 10.12086/0ee.2019.180507

3=

1(45°,8) = A(45°)-8.(9)
=%A0c0(1 +A)
(1+P,cosd +P,sind) , (20b)
1(135°,8) = A(135°)S..(5)
1
= EAOCO (1-4,)
{(1-P,cosd —P,sind) , (20c)
(20b)  (20¢)
1(45°,6)(1—A,)(1 - P, cosé)
1(45°,0)(1-A,)sind + I(135°,8)(1+ A, )siné
B 1(135°,6)(1+ A,)(1+ P, cosd) (1)
1(45°,0)(1—-A,)sind + I(135°,8)(1+ A, )siné
A 45° 135°
1(45°,8),1(135°,6) A, P,
o (21) bps
As Z(C)
1(6,0)=A.(6)-S(9) , (22a)
1(6,45°) = A.(5) - S(45°)
=%gqa+g)
(1+A,cosd—A,;sinéd) , (22b)
1(6,135°) = A.(5)-8(135°)
1
= EPOCI 1-P)
(1-A,coséd+ A,sind) , (22¢c)
Light source Spectrometer
subsystem subsystem

P A
Light source

P
subsystem I

B2 XRTAE %ﬁﬂ)’mib(% EA %%%’&#ﬂﬁé FEMERETE
; (C) Asl=Z **E’.@

Az, Pi, P)MEZXEA; (b) PsMERE

(22b) (220)
—1(6,45°)(1- P,)(1- A, cos0)

* T 1(6,45°)(1— P,)sind + 1(8,135°) (1 + P, )sind
1(8,135°)(1+ P,)(1+ A, cos0)

(23)
1(8,45°)(1—P,)sind + 1(6,135°)(1+ P,)sind
P 45° 135°
1(6,45°) 1(6,135°) A, P,
o (23) As
3 WER
3
DH-2000-BAL
90°
(400
nm~800 nm)
400 nm~800 nm
P A (0 45°) (0
135°) (45° 0°) (45° 90°) (90° 45°) (135° 0°)
50
Light source Spectrometer
subsystem

C A
subsystem I

c Spectrometer
subsystem

EF P AABIKE, CHMEA. (@) (A

Fig. 2 Schematic dlagram of polarization correlation coefficients measurement setup for light source subsystem and spec-
trometer subsystem where P, A are polarizers and C is a wave plate. (a) Schematic diagram of (A1 A, P; P;) measurement
setup; (b) Schematic diagram of P; measurement setup; (c) Schematic diagram of A3 measurement setup

180507-6



DOI: 10.12086/0ee.2019.180507

6
Py Py
3
45°
As
(1)
4

nm~460 nm

(15) (A A,
P 400 nm~800 nm
A
135° 1
(23)
3 A 400 nm~800 nm
0 P
45°  135°
Ps
425

0.05

Y Y3

X2 X3) (Y2 Y3)

L(l 1 X

(6a) (6b)
L(1
X;)'

(1)

[17]

B3 SLRALESURIRA X A BT KK E

Fig. 3 Experimental device for measuring polarization correlation coefficient of light source and spectrometer

0.4 : : : : : . . .
—A
03 1 —A
n —As
02F 11 = =P
(] lll’I ~‘—§-\"s —"‘Pz
2 01f I w = e - =P
> 0.05 ) 1 e, g
LR s - —= = = T T
I 00— B T ARV e
] i T ke el :
2 ) (]
11
021 |
11
-0.3 v B
04 I L L L I I ! L
400425 460 500 550 600 650 700 750
Wavelength/nm

4

KR F A G A BT R A lRikAE X R BN ZLERE

800

Fig. 4 Measurement results of polarization correlation coefficients of light source subsystem and spectrometer subsystem

180507-7



DOI: 10.12086/0ee.2019.180507

4

2 ®

425 nm~500 nm

0.05

&30 Hk

(1]

[2]

[3]

[4]

Zhou Y, Wu G S, Dai W, et al. Accurate determination of optical
constants and thickness of absorbing thin films by a combined
ellipsometry and spectrophotometry approach[J]. Acta Physica
Sinica, 2010, 59(4): 2356—2363.

3%, ZEA, Kb, 5. W5 K IR A A R ORI
R FE G R E ] IR, 2010, 59(4): 2356-2363.
Song G Z. Broadband Spectroscopy Ellipsometry and its ap-
plication & research in Integrated Circuits[D]. Chengdu: Uni-
versity of Electronic Science and Technology of China, 2014.
REE. TABMBIEE R LK HTE R AD]. AA: &
FAHHELKF, 2014.

Chen C, An I, Collins R W. Multichannel Mueller matrix ellip-
sometry for simultaneous real-time measurement of bulk iso-
tropic and surface anisotropic complex dielectric functions of
semiconductors[J]. Physical Review Letters, 2003, 90(21):
217402.

Berrier A, Gompf B, Fu L W, et al. Optical anisotropies of sin-
gle-meander plasmonic metasurfaces analyzed by Mueller
matrix spectroscopy[J]. Physical Review B, 2014, 89(19):
195434.

[10]

(1]

[12]

[13]

[14]

(18]

[16]

(17]

180507-8

Arwin H. Application of ellipsometry techniques to biological
materials[J]. Thin Solid Films, 2011, 519(9): 2589-2592.
Fujiwara H. Spectroscopic Ellipsometry: Principles and Appli-
cations[M]. Hoboken: Wiley, 2007.

Li S F. Jones-matrix analysis with Pauli matrices: application to
ellipsometry[J]. Journal of the Optical Society of America A,
2000, 17(5): 920-926.

Gu H G, Liu S, Chen X G, et al. Calibration of misalignment
errors in composite waveplates using Mueller matrix ellipso-
metry[J]. Applied Optics, 2015, 54(4): 684—693.

Li W Q, Zhang C W, Jiang H, et al. Depolarization artifacts in
dual rotating-compensator Mueller matrix ellipsometry[J].
Journal of Optics, 2016, 18(5): 055701.

Fan Z T, Tang Y Y, Wei K, et al. Calibration of focusing lens
artifacts in a dual rotating-compensator Mueller matrix ellipso-
meter[J]. Applied Optics, 2018, 57(15): 4145—-4152.

Li J J, Sun X B, Kang Q, et al. Polarization detection accuracy
analysis of spectropolarimeter[J]. Infrared and Laser Engi-
neering, 2018, 47(1): 0123002.

ok, INEE, W, F. BRI ESURIRIR R E AT [J].
oGk 142, 2018, 47(1): 0123002.

Wang H B, Hu X Q, Zhang L, et al. Polarization correction for
grating dispersive imaging spectrometer[J]. Acta Optica Sinica,
2016, 36(8): 0812004.

IR, WEE, R, OB ERE R IR E
kAR ]. RF F 4R, 2016, 36(8): 0812004.

Collins R W, Koh J. Dual rotating-compensator multichannel
ellipsometer: instrument design for real-time Mueller matrix
spectroscopy of surfaces and films[J]. Journal of the Optical
Society of America A, 1999, 16(8): 1997-2006.

Lee J, Koh J, Collins R W. Dual rotating-compensator multi-
channel ellipsometer: Instrument development for high-speed
Mueller matrix spectroscopy of surfaces and thin films[J]. Re-
view of Scientific Instruments, 2001, 72(3): 1742-1754.

Hauge P S, Muller R H, Smith C G. Conventions and formulas
for using the Mueller-Stokes calculus in ellipsometry[J]. Surface
Science, 1980, 96(1-3): 81-107.

Yao B X, Rao C H, Gu N T. Polarization calibration unit design
of 1.8 m Chinese large solar telescope[J]. Opto-Electronic En-
gineering, 2018, 45(11): 180058.

WRAGE, RKAE, BTG HE. 1.8 m KRR G IRAT AL LK)
Hd, 42, 2018, 45(11): 180058.

Song G Z, Liu T, Chen Y Q, et al. Calibration of spectroscopic
ellipsometer using multiple standard samples[J]. Acta Optica
Sinica, 2014, 34(3): 0312003.

REE, W&, #EE, F. FASAFEHSBEELEME R
FALJ]. S 4R, 2014, 34(3): 0312003.



DOI: 10.12086/0ee.2019.180507

Measurement of polarization correlation
coefficients of light source and spectrometer in
spectroscopic ellipsometry

Fan Zhentaol23, Tang Yuanyuan®2*, Wei Kail%, Chen Ying* Zhang Yudong?2

'Key Laboratory of Adaptive Optics, Chinese Academy of Sciences, Chengdu, Sichuan 610209, China;
Institute of Optics and Electronics, Chinese Academy of Sciences, Chengdu, Sichuan 610209, China;
3University of Chinese Academy of Sciences, Beijing 100049, China;

161046 Army of the Chinese People's Liberation Army, Beijing 100000, China

Light source

P A
@ subsystem I I subsystem (b)  subsystem subsystem

Light source P c Spectrometer
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Spectrometer Light source c A Spectrometer

Schematic diagram of polarization correlation coefficients measurement setup for light source subsystem and spectrometer subsystem,
where P, A are polarizers and C is a wave plate. (a) Schematic diagram of A,A,P+,P, measurement device;

(b) Schematic diagram of P; measurement setup; (c) Schematic diagram of A; measurement device

Overview: Spectroscopic ellipsometry has been widely used in materials science, microelectronics, physical chemistry
and biomedicine due to the advantages of non-destructive, non-interference, fast speed and high accuracy. Many re-
searchers have improved system models to correct the effect by artifacts of spectroscopic ellipsometry system, including
those artifacts of polarizer due to its optical activity, leakage and stress birefringence, artifact of wave plate compensator,
the correction to finite numerical aperture and the finite spectral bandwidth, as well as those artifacts by focusing lens
due to the optical activity and stress birefringence. Additionally, we considered in this paper the influence of polariza-
tion degree of the light source and polarization sensitivity of spectrometer, and find that these artifacts need to be cor-
rected for ultra-high accuracy measurement. Furthermore, we presented here a method to measure the polarization
correlation coefficients simultaneously for light source and spectrometer. Theoretically, the polarization correlation
coefficients of the light source can be measured by a spectrometer with known polarization characteristics, and the po-
larization correlation coefficients of the spectrometer can be measured by a light source with known polarization state.
However, these measurement methods rely on additional characterized light sources and spectrometers, which can be
troublesome often.

In this article, we analyzed the effect of polarization parameters of light source and spectrometer on spectroscopic el-
lipsometry via a correction model; and proposed a method for measuring the polarization correlation coefficients of
light source subsystem and spectrometer subsystem simultaneously and mutually. This is done by adding polarizers or
combination of polarizers and wave plates between light source and spectrometer subsystem. For illustration of the
measurement method, we demonstrated the feasibility by measuring the polarization correlation coefficients of the light
source and spectrometer in our laboratory. The measurement results show that the degree of polarization of our light
source has a relatively large variation over 400 nm~800 nm range, and a sharp spike in 425 nm~460 nm is found. Since
this band coincident with the combination band of a deuterium lamp and a halogen lamp, this may indicate a large po-
larization dependent reflectivity of the beam combiner. The polarization correlation coefficient of the spectrometer is
below 0.05, which shows that the spectrometer may take polarization insensitive design to reduce the polarization de-
pendence of reflective gratings.

Citation: Fan Z T, Tang Y Y, Wei K, et al. Measurement of polarization correlation coefficients of light source and spec-
trometer in spectroscopic ellipsometry[J]. Opto-Electronic Engineering, 2019, 46(12): 180507
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