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Fig. 1. Intensity function of an Airy spot and its corres-

ponding pixel response.
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Fig. 2. Relationship of the precision limit to the z and y
pixel phase: (a) The central intensity is 400, the dark cur-
rent noise is 0; (b) the central intensity is 400, the dark cur-

rent noise is 25.
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Fig. 3. Relationship of the precision limit and the z pixel
phase when the y pixel phase is 0.5: (a) The central intens-
ity is 400, the dark current noise is 0, 25, 100, 400, respect-
ively; (b) the dark current noise is 400, the central intens-
ity is 400, 800, 1600, 3200, respectively.
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Table 1. Results of o, and Ay under different levels of spot energy and noise.

o (Agq)/pixels

0l =0 0} =25 o =100 o} =400
Iy = 400 0.0125 (0.0001) 0.0136 (0.0003 0.0157 (0.0011) 0.0217 (0.0033)
Ip = 800 0.0088 (0.0001) 0.0093 (0.0001 0.0102 (0.0004) 0.0127 (0.0014)
Iy = 1600 0.0062 (0.0001) 0.0064 (0.0000 0.0068 (0.0001) 0.0079 (0.0006)
Iy = 3200 0.0044 (0.0000) 0.0045 (0.0000 0.0046 (0.0000) 0.0051 (0.0002)
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Fig. 4. Relationship of the precision limit to the z and y
pixel phase: (a) The F of the optical system is 2; (b) the F'
of the optical system is 8.
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Fig. 5. Relationship of the precision limit and the z pixel
phase when the y pixel phase is 0.5.
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2T LIRS RIS BR G 2 100 £, PR A8 SR i
R E R B, AR E RS e S BT, RN
FRORE K I, Il G s .o f PR Eh %,
A, 3% 2 MBS IBATIOR R, AR F RO
KAFFANAE, (U KGR RS, BIR Rp 28/, H
TEAG T b DAOK Ry B4 10 R (A B AN A8 4. ]
DL TR R B, AU KRR RAT, TR R %At
B ENAEBE (PN um) PRFRIRI K7, HoAth (7 &
HIE DG (BAN7: pm) — 595,

SAZEACN, AT A PR R SRR A R R A B
PR, B LABR il e i b BE IR 2K, 29 4t
O 7 RS BE AR . 35 Y B B LR B (AR ol rh
Rp N 1A S5 O B AOKS AR PR A iy, ks
P A A P R S e R A AR B, FE(R
RN GAL ARG T = 0 RS B PR Yy FECH
2, B E RS 2 pm, PKHK 500 nm, HO RN
400 JEFHL/um?, WEHLIRME S 72200 25, fliit zo 1Y
SEKE B R R 0.019 12 & (38 nm), R F LI
22K 0.057 182 K (114 nm), R Z D LA Al
Ki B 0.007 12K (14 nm). ¥ FEAE K 1, W] B
KW FRALE A 0.034 18 K (68 nm), T 2ZEHEEAL N
0.080 8 & (160 nm), f PLHG B2 K 0.003 5 &
(6 nm).

3.3 tEROMTEAR

H (3) 2K, SRRk A APt 23 X6 R (A B
1 RGE . B Ry = 2, BLEFH e sm B 42k 2.44
1%, Hffh B 405 3.2 s M, 2 i AS T
KN B SE B X RG BE AR BR 5% . AE 3.1
3.2 RS D Re & b e BE i Re L a0
Kl 4(b) W H R 11 x 1118 EK, WL 5 &

* 2 KRR PR TAEEEBRET R

Table 2. Results of the precision limit under different levels of spot energy concentration.

Rp=10.25 Rp=0.50 Rp=1.00 Rp=2.00
./ pixels 0.0335 0.0192 0.0136 0.0247
Ayq/pixels 0.0211 0.0122 0.0003 0.0002
ARG /pixels 0.0033 (1) 0.0065 (i11%%) 0.0130 (#1%%) 0.0244 (1)
IR ZENEE /pixels 0.0803 (HL») 0.0566 (L) 0.0139 (H0») 0.0250 (Hl»)
TSR BR / pixels 0.3050 0.6100 1.2200 2.4400
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HR/NHR 3 x 315 x 5, 450K 6 Fin. 245
F RN i AN B rp SR s SR 4 AR e FE I, R FEAR R
B2E MEE R 5 x 5 FE 4(b) 111 x 11K
FERZEHIAK.

*%J-g*&[ﬁ/pixels

TP /pixels

0.5
070 ol pxe®

6 HEEWR-ARFEARMCME  (a) HEEH N3 x 3;
(b) HEHEA RS x5

Fig. 6. Relationship of the precision limit to the z and y
pixel phase: (a) The size of the window used for localiza-
tion is 3 x 3; (b) the size of the window is 5 x 5.

T38h, TERMEBEHAT BURBUE AL R, A
ZHBIMILBEE A I (binning) 1 EMG 2 H AL
Z U St 57 (R X408 % 7. %F binning A,
FHY TAE F BRI e SO, KB R R
S, ORRE BE AU SZ IR OC FR AT UL 3.2 5. X T e il B
FENLAEIE I vk, BT ILRER REATLIE 75 R 5
SR 1/y/n, HCREH 5 0K BE B2 v/ . X T
32 WHSRTH I FECH 1R, AR 100 K EH
SR U, FEAR R &AL T 4R 1R 0.0003 15
(0.6 nm) ARG EEARBR.

4 IR B H R AR IR

TES S 2 AT T S HAR USRS S:. mi Bt
BRI TR AL RS, RN
FRAR. ARG E R & bl /A

JER S, SRAEBGBEAEAR TR R AL KB, IR
2 915 (w0, yo), FLHF-HUNE 7 FioR. Hob2aauK
A RTE R 2R R R B AR AEHE R 25 mm, F AL
Jg 2, FEHURPE K K 400800 nm, M #5RSf
9 5.3 wm. A 2.1 5 AT R0 B A A (R TR
W BRAG T 7 2%, 78y R FAHAL [ RIS L, X
SE A BE RN AR Z AL 2 R UEATHHEE,
El 8(a) Fi7R, A7 L f R RAEAS B K B MR N7, LS
Re B AR T, TP N AT B AT IRRG FE A B
TS R G TR I B, U MR BT R
B, G 8(b) fiw, AT AT b i K B W

K7 ST A
Fig. 7. Experiment platform.
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Fig. 8. Relationship of the precision limit and the z pixel
phase for laboratory obtained image spots: (a) The preci-
sion limit for a energy concentrated spot; (b) the precision

limit for a spot with lower energy concentration.
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5 & @
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SPECIAL TOPIC—Toward making functional devices at an atomic scale:
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Analysis of optical measurement precision limit for
close-to-atomic scale manufacturing”
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Abstract

Measurement technology with nanometer scale or higher level precision is the basis and guarantee for
developing atomic and close-to-atomic scale manufacturing. Optical measurement has the advantages of high
precision, wide range and real-time measurement. The precision of localizing a single imaging spot’s center is
not limited by the diffraction limit and could reach nanometer scale. However, the shot noise of light and the
dark current noise of the detector bring about a precision limit for optical measurement. Based on the Cramer-
Rao lower bound theory, a precision limit estimation method for general imaging profiles is developed in this
paper. Taking the typical Airy spot for example, the influences of the parameters such as signal-to-noise ratio,
energy concentration and processing method on the positioning precision limit are analyzed, and suggestions
and conclusions for improving the measurement precision are given. The precision limit of a laboratory imaging
spot is calculated, which verifies that the conclusions are also suitable for the imaging profiles similar to the
Airy spot. The research provides the analytical method and theoretical guidance for the application and

optimization of optical measurement in atomic and close-to-atomic scale manufacturing.

Keywords: atomic and close-to-atomic scale manufacturing, optical measurement, precision limit
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