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Fig. 1 Theoretical model and principle description. (a) Scattering of silver film surface; (b) double interaction model principle;

(¢) principle of polarization modulation
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Fig. 3 Simulation results of brightness and dark fields detection. (a) Brightness field simulation result; (b) dark field simulation result
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Fig. 5 Scattering field spatial distribution of PSL particles with different diameters under p and s light incidence. (a)—-(d) Spatial

distribution of scattering energy of PSL particles with radius of 20, 40, 60, 80 nm under p light incidence; (e) -~ (h) spatial

distribution of scattering energy of PSL particles with radius of 20, 40, 60 ,80 nm under s light incidence
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Fig. 6 Simulation results with different incident angles. (a) Simulation result at O° incident angle; (b) simulation result at 30" incident

angle; (c) simulation result at 60° incident angle
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Fig. 8 Experimental system and process flow diagrams. (a) Experimental system; (b) schematic of the process of fabricating samples
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Fig. 9 Detection results of particles on film surface with different RMS roughness values. (a)—(c) Observation results of the samples

with RMS roughness of 2.4, 4.9 and 8 nm under dark field microscope; (d) scanning results of the sample with RMS roughness

of 8 nm under AFM;(e)—(g) local areas of Figs. 9 (a), (b) and (c); (h) background noise curves under different RMS roughness
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Fig. 10 Detection results of the experimental system on the sample with RMS roughness of 2.4 nm. (a)-(c) Detection results with

three different polarized light incidence; (d) particle signal curve corresponding to Fig. 10 (a), (b) and (c¢)
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Fig. 11 Detection results of the samples with RMS roughness of 4.9 nm by our own experimental system. (a) Detection result with the

polarizer at initial position; (b) detection result after 20° rotation of the polarizer; (¢) background noise curves corresponding to
Figs. 11 (a) and (b)
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Fig. 12 Particle detection result. (a) Detection results before adding 100 nm particles to the sample with RMS roughness of 2.4 nm;
(b) detection results of the self-built experimental system without polarizer on the dark field receiving optical path after adding
100 nm particles; (c) detection results of the self-built experimental system after modulating the polarization state; (d) detection
results of DSX1000; (e) detection results before adding 100 nm particles to the sample with 8 nm RMS roughness; () detection
results of the self-built experimental system without polarizer on the dark field receiving optical path after adding 100 nm
particles; (g) detection results of the self-built system with modulating the polarization state; (h) detection results of DSX1000;
(i) detection results before adding particles to the sample with 3.4 nm RMS roughness; (j) detection results of DSX1000 after
adding 50 nm particles to the sample; (k) detection results of the self-built experimental system after modulating the

polarization state; (1) SEM image of the particles

2204003-8



2 50% £ 22 #1/2023 £ 11 B/ E#

WE 12(b) ~(d) Bt 7s , A FEAT I B I8 4 15F 1% A6z T 45
wWE 12(b) Frs , 4858 1E A8 i 56 0 2 A 5 i ik 25 DA &
5 47 45 WO 6 T B D 4R A A BE S R B4 AR T 2% SR n
E12Cc) Fran, B 120d) 248 A DSX1000 X # F 4 W 42
5 H R GO ORI R SRR R T DSX1000),
IF H A 8RG80 O B8 B DL R A ) sSCMOS J&
L B BEOGI [E Y S 150 ps, 1 DSX1000 [ )it &
B B YR R O B[R] S 38 ms, [ E & 48 W OG B ] 2
DSX1000 9 4%, Z2 47 , K IR A5 B4 R 3R TH, XX
— I EER A A EEE X, FEARARER 1k
FH Y e 5% 3 B0 e 54605 1 R 0.02°, 1 WG TE 43 8 2 55
T B4 AH AV AR A 2 52 A5 AR 052 W, A 7 AR b Al 4k
M), Bt S A R G i i 2 A8 Ak, 23 Ta) I ' 1) i ik
R 2 R AR AR AR, AT 25 52 T i R D BR AR . #F 55°
NGB YA S e e 18 s 2 il E —0.3°~
0.3° A Po Bt A 0 A6 100 255 2R TG W AR Ak 5 WO 2 00Ok
B LR AR B e —0.2°~0.2° DL N 5 sh it i 3% 8 15 3%
TG B ARk .

RMS MBS B8 8 nm AYAE B 1 100 nm Fkr /% 4
gl 12(e)~(h) iR, & B & XS5 CHR, i+
8 nm BE H & AT H ORLRE , BE WL 23 5 b A oy A B
oINS BD R SRR AR 2 IR R 0T ARG I &5
Rl 12(g) i AT FE 12001 F , Bl 12(g) A
A ) 75 S M SR RSOR . R R BRI, ] 1200~
(h) 22 b A 00 e R e B Sk ok 1A 3R I, AT it A AR 58 9 1
SR, I Lk 0 = S IR PR e S5 A B T
lia) 3 LAY 32 25 DX 38k 2t B A SR A < B R T B4

RMS HLEE B4 3.4 nm 9 FE - 50 nm UKL A9 K
W5 Fan 120D~ (D) fros , HorbE 1200 S 3 i 50k i
B4 ARG ) 25 S T 12 (3) S S Jn B8R S5 DS X000 fg A8l
gE R 12(k) b B R G2 ad i Ik 8 75 5 0 RS I 25
ROE2(D) MRS R . AERELWIERES
AT LA 0 3] 4 B 22 18 61 nm /Y PSL R, £ BE ) =
F DSX1000.

R T AR AR H AN T Y O A A, T B AR AT
Prez . X0 UG BUR DEAT HG 0 U D HRAE AR S R U
T PEIE G 19 SURF SRAE £, 32 B0 AN R AE A4 X6 B
{4 AR E A A 1 2, 7 DG C () 5 0F 5 A A T 1 D R
B9 JL ] A8 4 5 & (FF VT AL a3 2 H >R i M-estimator
Sample Consensus (MSAC) 57k 2 B 12 VTG L A5, 58 A
EME R ) | fie i i 2 B A7 00k X 3840 1, 48 31 Uk

6 4 i

SE A BT T T T I Uk 3 A
B R HEAT AT S o0 T3 — SRR e e A 0 ) AH DG AF 5
A 38 2o AR 4 SR ] TR SR RS 473 nm
AR G PRSI T AR R T 61 nm i PSL UKL , B4 T
AN RSN 2 AR A TR i K I i 7 R )

A R SR ) AL, O HL % 05 S FL A 1) oAt I BE Y R Y
AE T, It B b AT LA 220 I RO R P SR T AN TR Y
WA AR AN T Wi ' 221 JEE 1 T) A 8 o Xof JUARE 194 46 00 i
PEAh AR 2% B 7E HEAT 100 nm J90RL A 00 B, SR I Y
]2 150 ps , BAT 00 BRI R0R

& £ X W

[1]  Atwater H A. The promise of plasmonics[J]. Scientific American,
2007, 296(4): 56-63.

[2] Fang N, Lee H, Sun C, et al. Sub-diffraction-limited optical
imaging with a silver superlens[J]. Science, 2005, 308(5721): 534-
537.

[3] Luo X G. Plasmonic metalens for nanofabrication[J]. National
Science Review, 2018, 5(2): 137-138.

[4] Chang C, Chen W, Chen Y, et al. Recent progress on two-
dimensional materials[J]. Acta Physico-Chimica Sinica, 2021, 37
(12): 2108017.

[6] Wang J, Li Z C, Liu W N. Rigorous analysis and systematical
design of double-layer metal superlens for improved subwavelength
imaging mediated by surface plasmon polaritons[J]. Nanomaterials
2022, 12(20): 3553.

[6] ZAE, ERWE, LA, 4. 10T AT L6 B )k s 4% 1 58 4l
2 8 R T R AR (T O TR, 2021, 48(5): 200466.

Li Z, Wang C T, Kong W J, et al. Broadband achromatic
metasurface filter for apodization imaging in the visible[J]. Opto-
Electronic Engineering, 2021, 48(5): 200466.

(7] JARC, R, WP, OB T FEF 0 R OB B 0o kR
(0] e TR, 2021, 48(12): 210399.

Zhou Y, Liang G F, Wen Z Q, et al. Recent research progress in
optical super-resolution planar meta-lenses[J]. Opto-Electronic
Engineering, 2021, 48(12): 210399.

[8]  EKWE, BEET, w1, & RS T BT OEF 2] B
“Fil . 2016, 61(6): 585-599.

Wang C T, Zhao Z Y, Gao P, et al. Surface plasmon lithography
beyond the diffraction limit[J]. Chinese Science Bulletin, 2016, 61
(6): 585-599.

[9] Luo Y F, Kong W J, Zhao C W, et al. Subdiffraction
nanofocusing of circularly polarized light with a plasmonic cavity
lens[J]. Journal of Materials Chemistry C, 2019, 7(19): 5615-5623.

[10] Gao P, PuM B, Ma X L, et al. Plasmonic lithography for the
fabrication of surface nanostructures with a feature size down to 9
nm[J]. Nanoscale, 2020, 12(4): 2415-2421.

[11] Poddubny A, Torsh I, Belov P, et al. Hyperbolic metamaterials[J].
Nature Photonics, 2013, 7(12): 948-957.

[12] Beliaev L Y, Takayama O, Melentiev P N, et al
Photoluminescence control by hyperbolic metamaterials and
metasurfaces: a review[J]. Opto-Electronic Advances, 2021, 4(8):
210031.

[13]  Zhou R J, Edwards C, Bryniarski C, et al. White-light
interferometric  microscopy for wafer defect inspection[J].
Proceedings of SPIE, 2015, 9336: 93362P.

[14] LiuHY, Sun X Q, Wang X, et al. The localized enhancement of
surface  plasmon standing waves interacting with single
nanoparticles[J]. Plasmonics, 2021, 16(6): 2109-2116.

[15] Sun X Q, Liu H Y, Jiang L. W, et al. Detecting a single
nanoparticle by imaging the localized enhancement and interference
of surface plasmon polaritons[J]. Optics Letters, 2019, 44(23):
5707-5710.

[16] Wang B, Tanksalvala M, Zhang Z, et al. A new metrology
technique for defect inspection via coherent Fourier scatterometry
using orbital angular momentum beams[J]. Proceedings of SPIE,
2021, 11611: 116110L.

[17]  Kolenov D, Urbach H P, Pereira S F. Effect of polarization in

evanescent wave amplification for the enhancement of scattering of

2204003-9



RN % 50% £ 22 #1/2023 £ 11 B/ E#*x

nanoparticles on surfaces[J]. OSA Continuum, 2020, 3(4): 742- improvement using light scattering inspection system[C]/ASMC
758. 2013 SEMI Advanced Semiconductor Manufacturing Conference,
[18] Kolenov D, Zadeh I E, Horsten R C, et al. Direct detection of May 14-16, 2013, Saratoga Springs, NY, USA. New York:
polystyrene equivalent nanoparticles with diameter of 21 nm (~2/ IEEE Press, 2013: 191-193.
19) using coherent Fourier scatterometry: erratum[J]. Optics [24] KLA[EB/OL]. [2023-02-06]. https: /www. kla. com/zh-hans/
Express, 2022, 30(16): 29841-29843. products/substrate-manufacturingZdefect-inspection.
(191 3SR T B OG5 WA B v 2 1w UKL ARG I J7 123 A 9 (D). [25]  Stover J C. Surface roughness measurements of curved surfaces by
A v R Bt B BOR TR SE T, 2019. light scatter[J]. Optical Engineering, 1982, 21(6): 987-990.
Ai L F. Research on particle detection method on substrate surface [26]  JHE K&, WE: I, XN . BUAR G2 M E R (M. B W77k 2
based on scattered light dark field microscopy[D]. Chengdu: i h At 2006.
Institute of Optics and Electronics, Chinese Academy of Sciences, Tang J F, Gu P F, Liu X. Modern optical thin film technology
2019. [M]. Hangzhou: Zhejiang University Press, 2006.
[20] Wi, 5%, M, 4 ST B AY O IR B 3 A0 7 2 M IX [27]  Germer T A. Angular dependence and polarization of out-of-plane
Sy IRER[T] 62, 2021, 41(12): 1229001, optical scattering from particulate contamination, subsurface
Lu M, Wang Z L, Zhang S Q, et al. Polarization scattering defects, and surface microroughness[J]. Applied Optics, 1997, 36
characterization and discrimination principle of surface defects[J]. (33): 8798-8805.
Acta Optica Sinica, 2021, 41(12): 1229001. [28] Nahm K B, Wolfe W L. Light-scattering models for spheres on a
211 BRIEE, £, BRI, 5 42 B0 B 70 2Rk 5 D) i e i 45 conducting plane: comparison with experiment[J]. Applied Optics,
A BUR Bl S R R o6 S e sl R, 2022, 59(9): 1987, 26(15): 2995-2999.
0922025. [29]  Zhang Y H, Yang Y Y, Li C, et al. Defects evaluation system for
Chen X G, Wang C, Yang T J, et al. Inline optical measurement spherical optical surfaces based on microscopic scattering dark-field
and inspection for IC manufacturing: state-of-the-art, challenges, imaging method[J]. Applied Optics, 2016, 55(23): 6162-6171.
and perspectives[J]. Laser & Optoelectronics Progress, 2022, 59 [30] Cho S, Lee J, Kim H, et al. Super-contrast-enhanced darkfield
(9): 0922025. imaging of nano objects through null ellipsometry[J]. Optics
[22] Dong J T. Line-scanning laser scattering system for fast defect Letters, 2018, 43(23): 5701-5704.
inspection of a large aperture surface[J]. Applied Optics, 2017, 56 [31] ZhuJL, LiuJM, Xu T L, et al. Optical wafer defect inspection
(25): 7089-7098. at the 10 nm technology node and beyond[J]. International Journal
[23] Huang C Y, Chu R, Neskovic G. Rough film wafer sensitivity of Extreme Manufacturing, 2022, 4(3): 032001.

System Design for Dark-Field Detection of Nanoparticles on
Wafer Metal Surface

Deng Quan'”, Zhao Zeyu'”, Lin He'’, Liu Ling"”, Li Xiachugin', Yang Gensen'”’,
Luo Xiangang"”
'State Key Laboratory of Optical Technologies on Nano-Fabrication and Micro-Engineering, Institute of Optics
and Electronics, Chinese Academy of Sciences, Chengdu 610209, Sichuan, China;
*School of Optoelectronics, University of Chinese Academy of Sciences, Beijing 100049, China;
’School of Automation Engineering, University of Electronic Science and Technology of China, Chengdu 610054,

Sichuan, China

Abstract

Objective Defect detection is an essential process for realizing superdiffraction fabrication based on metal film layer excitation
surface plasmons. However, the light source of most existing advanced defect detection equipment operates in the deep ultraviolet
band (DUV), which is within the light-sensitive range of DUV photoresists such as KrF. The overlap of working wavelengths
between the defect detection equipment and the DUV photoresist can result in a loss of photoresist efficacy. Furthermore, to avoid
the influence of the detection equipment’s working wavelength on the photoresist when DUV equipment is used to detect particles on
the surface of the film, it is necessary to tune the equipment’s incident intensity several times. Moreover, the equipment parameters
after tuning are only effective for a single film structure. It is necessary to retune equipment parameters when changing the thickness,
material, and the number of film layers, which is time consuming and labor intensive. Therefore, a defect-detection device with a
wide range of applications that avoids photoresist-sensitive bands must be developed to address this challenge.

Methods In this study, visible laser polarization defect detection equipment consisting of three parts: polarization modulation, dark-
field detection, and motion control (Fig. 8), is theoretically and experimentally demonstrated. A more sensitive scientific CMOS
(sSCMOS) is used to detect particle scattering signals. The equipment utilizes the polarization conversion principle of a silver film on
the top layer of the wafer surface. By modulating the polarization state and incident angle of the incident light, the scattered light
polarization states on the slightly rough silver film surface and the particles on the film surface are different. On the receiving side, the
light scattered from the surface of the silver film 1s partially filtered using a polarization detection device, which improves the signal-to-
noise ratio of the particle signal to achieve defect detection.
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Based on the aforementioned principles, experimental equipment was developed to verify particle detectability [Fig. 8(a)].
Standard polystyrene latex (PSL) spheres with diameters of 100 and 50 nm were used as detection targets. Etching marks on the
surface of the silicon wafer were used as the detection area, and subsequent processes such as photoresist spin-coating, magnetron
sputtering coating, reactive ion beam etching (AFM surface roughness detection), and particle solution atomization were performed on
the wafer [Fig. 8(b)]. In this experiment, silver films with different surface roughness were processed by controlling the power and
etching time of reactive ion beam etching. After dilution and ultrasonic vibration, the particle solution was sprayed onto the surface of
the silver film using an atomizer such that standard PSL particles with diameter 100 and 50 nm were uniformly distributed in the
surface labeled area. In addition, the samples were maintained under a vacuum insofar as possible during the experiment to decelerate

oxidation of the silver film.

Results and Discussions The effect of surface roughness on particle detection was subsequently analyzed. Samples with different
surface roughness values were observed using identical camera exposure parameters (Fig. 10). Experimental results show that as the
silver film surface roughness increases, the background noise obtained from the experiment also increases, which can cover up the
signal of small-particle defects and cause misclassification. To reduce the effect of surface roughness on particle detection, a
polarization device was introduced into the detection equipment and the effect of the incident light polarization state on the signal-to-
noise ratio of particles was analyzed. Based on the results, it can be observed that the signal-to-noise ratio of particles differs with
different polarization states of the incident light [Fig. 12(a)—(d)]. In the detection experiment involving 100 nm particles, the single
exposure time of this equipment was only 150 ps, which is 4%, of the DSX1000 dark-field microscope based on white light, and the
detection efficiency was significantly improved. Finally, it was confirmed using a scanning electron microscope that the proposed
experimental system could detect 61 nm PSL particles [Fig. 12(1)].

Conclusions This study conducted targeted research based on defect detection during the plasmon super-diffraction fabrication of
metal film layer surfaces. Background noise was suppressed by the polarization modulation technique, and the PSL particles with
diameter of 61 nm on the silver film surface were detected with a 473 nm light source for inspection. The equipment operates in the
visible wavelength band, which differs from the sensitive wavelength band of the DUV photoresist, thus, effectively avoiding
photoresist failure. The proposed method can be theoretically extended to other wavelengths, which can be flexibly selected according
to photoresist sensing characteristics, and can improve particle detectability without loss of photoresist efficacy. The proposed
solution has a straightforward structure, high practicality, low cost, and good prospects for application in the field of micro-nano

fabrication.

Key words measurement; optical inspection; scattering measurement; surface roughness; polarization manipulation; nano-particles;

signal-to-noise ratio
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