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Table 1 Characteristics of alignment technologies of ASML, Nikon, and Canon
Relationship
between
. . optical path . .
Company Technology Light source q Characteristic
an
exposure
system
. High signal-to-noise ratio;
Through-the-lens (TTL) 633 nm laser Coaxial »
good process stability
Advanced technology using high- .
. 532 and . Good process stability
order enhanced alignment Off-axis . . .
. 633 nm laser mitigate interference cancellation ;strong robustness
(ATHENA)
ASML ) ) 532, 633, Insensitivity to even aberrations; no reference grating;
Smart alignment sensor hybrid . . .
780, and Off-axis larger numerical aperture (NA) ;simultaneous
(SMASH) . . o
850 nm laser alignment in X/Y direction
. . More measurement channels;
Multi wavelength and high process 12 wavelength . .
. ) Off-axis strong system stability ;
adaptive alignment (ORION) laser i
less impact due to asymmetry
) L. High sensitivity ;
Laser step alignment (LSA) 633 nm laser Coaxial ) . .
high recognition ability
. ) ) ) ) Mitigate interference cancellation; simultaneous
Nikon Field image alignment (FIA) Halogen lamp Off-axis : . .
alignment in X/Y direction
Laser interferometer alignment . Optical heterodyne interferometry; large lighting area;
633 nm laser Coaxial : .
(LIA) less impact due to coarse particles
TTL laser Coaxial High signal-to-noise ratio; good process stability
Canon o ) Low workload of color difference correction design;
Off axis alignment (OAL) Halogen lamp Off-axis . . .
mitigate interference cancellation
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Table 2 Characteristic of alignment marks of ASML, Nikon, and Canon

Company  Alignment mark Dimension Characteristic
Extended primary Two- . . .
. ) Grating with two periods; large area
mark (XPA) dimensional
Scribe-lane primary One- Split XPA into X and Y directions;
mark(SPM) dimensional small area
One- Same width as SPM mark; about half length of SPM mark; lower wafer quality than
ASML  Short SPM (SSPM) .
dimensional SPM
Narrow short SPM One- Smaller width than SPM markers; same length as SSPM mark; lower wafer quality
(NSSM) dimensional than SSPM
Two- R . . . . . .
SMASH marks . ) 180° symmetry; various forms; one scan to achieve alignment in two directions
dimensional
LSA " One- Including search mark and enhanced global alignment (EGA) mark; single or multiple
_SA mar
dimensional bars composed of grid shape
. Two- Including search mark and EGA mark; search mark are reticulated ; EGA mark
Nikon FIA mark . . . . . . . L
dimensional consisting of one-dimensional gratings in X and Y directions
Two- . .
LIA mark ) ) Similar with FIA marks
dimensional
One- . . o . . .
TTL mark ) ) Tilt to middle; 45° from scanning direction
dimensional
Canon . . o .
OAI " Two- Cross alignment mark with large area or long strip alignment mark with small area; one
. mar
dimensional scan to achieve alignment in two directions
1985 1989 1994 1998 2000 2002 2006 2008 2010 2015 2020 2022
processnode N — |
lpum 0.8 ym 0.6um 025 pum 0.13pum 90nm 65nm 45nm 32nm 10nm 7nm 5nm
ASML TTL ATHENA SAMSH
ORION
LSA
Nikon FIA
LIA
TTL
Canon OAL
phase grating phase phase grating intensity image processing heterodyne
measurement measurement techniques interferometry

PUL BTS2 € RRE A B A X v B AR T 0 i

Fig. 1 Evolution route of alignment technologies of ASML, Nikon, and Canon
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detector

laser beam

wafer stage reference grating

K2 PGAJ Rz
Fig. 2 Schematic diagram of phase grating alignment (PGA) method™”’
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Fig. 5 Curve of normalized &1 order diffraction light alignment signal strength versus slot depth in TTL alignment technology"""’

detectors
/DP
diffraction order ‘g: ~
separation —O8 r
| o
modulator
wave platd 78 — D | I wavelength 1
wave plate
- l ccp 7
optical fiber
wafer mark
wave platd ¢ D | I wavelength 2
modulator
diffraction order EIE '_rf
separation —0O8 P
I
detectors

K6 ATHENA/RERE "
Fig. 6 Schematic diagram of ATHENA"'

Wil G L HOGLR 5] A2 RS0, 8 i &9 i 85 A PBS &
HRIE A SRR IE . i ARic TSR, BN DK 5
AR 458 PBS. BEI AN I K B9 A S I 4R 7
A 22 90° ., Hir S fw i (i A B8 e 2853 PBS Jm 91 b
B 25 PR AR B9 A BT 65 i PBS 4k 416 3%, Ik &
it /435 R 578 S R 6 , 28 )5 Bk PBS 1 F 5 5t
o BAERK A AG AL A L ALRE, A R g
Wedm eI, K AW RKRAE T 1, -, LT R
Wo XTI R R 2k e L5 1548 7 m % b 2 FF o 7
IR A TR A B L IE RO S OR T 30E T # 4 L,
w7 R,

W HEH AR AR LT TTL % e+ AR 904 9 5tk
P RS RR JTTE , ATHENA fii JT 7 7 4 55 4%
W, T R AT S O T TR N o R R
oL RS AR S T B o AR o v K I
1T 532 nm X P DGR A T 9 AR T G ) R A

200~1600 nm 8 7RG B Y, W15 5 0 B AN A&
AL E S FraRT  EEXF TTL W R 4075 B
W85 o A% T 89 18] B, ATHENA B8 60 i % B% 5 % 5%
Y 6 B 43 T, PR IE X M 2R S8 AL W B T A ST AR
WA T2 ke i, ATHENA nl &Rt R R 59 T
VR A TR U R RN AT S R /N T e N A
B, A —E T 2k,

B 5 %k o F AR B ek ot xR E B B BE 2 K
J&. ATHENA bricm B EE 9 R . &% XPA
B ie RUSE 3 R ) 2, BT 307 22 65 XPA i b 9 X3 4
LY 35095 2K Bibr #E Y SPM-X Fl SPM-Y 45 i
B F ATHENA, £ 208 (9 35 11 (8 H A 1 i e e X
F FE X8

g T Bk — 2 g /N HEARE o5 B T AR BT S
8T HE— 20 i e T 46 0 ) R R AR S
(SPM), Bl SSPM, LU J2 28 %= ) SSPM, Bl NSSM, 41 %]

1900001-5



£ 43% F 19 H1/2023 £ 10 B/ RFFHR

wafer mark

illumi

1

nation beam

_/J___

3

6™ order
4™ order
24 order
1% order
3 order
5% order
T order

reference gratings

1

l —

1

1

1

1

1

) /

1

1 N '

T > "
-— - -------

+ >

, 1

1 / 1

H 1

1 L/ 1

. 1

" 1

7 1

' 1

. = 1

1 pupil plate

1

diffraction order separation

K7 ATHENA 5% 5 i m g
Fig. 7 Schematic diagram of diffraction stage separation in ATHENA™”
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Fig. 8 Curve of normalized +1-+7 order diffraction light alignment signal strength versus slot depth in ATHENA""'"

(a) Normalized alignment signal strength corresponding to each wavelength; (b) maximum normalized alignment signal strength
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Fig. 10 Schematic diagram of SPM mark improvement'™. (a) Schematic diagram of SSPM-X mark (Image rotated by 90° is SSPM-Y
mark); (b) schematic diagram of NSSM-X mark (Image rotated by 90° is NSSM-Y mark)
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Table 3 Parameter characteristics of ASML alignment technologies

Technology TTL ATHENA SMASH ORION
Process node /nm 130 90 65-5 7-5
Measuring wavelength /nm 633 532, 633 532, 633, 780, 850 12 wavelengths
Capture range /pm +44 +44 +44 +44
Spot size /pm 700 700 ~36 <36
Diffraction order range(@period is 16 pm) +1 +7 +11 +13
NA 0.05 0.3 0.6 0.7

Interference generation method Reference grating Reference grating Self-reference interference Self-reference interference

R ZOR R B8 T XHERR ISR st e e B ST S AR A AU DR UE AR 0 45 R A A A A

14 DAC BAFPEM 0 2 br a0 i B BRI A4
Al hN T (Printability ) , AT R D% ( Detectability ) | 5 7
il 45 F 19 — Btk (Device matching) , P & T2 & ¥ 1
(Process robustness) . & 15 & D4C % 435 i1 45 ic 19
TR ST R R, T S A RS IC B AR 4
R E ST e B e R S BT A [ Kt s Y S A R
fia) [v] Bt 411 43 (1] 16) 1 [R] B 3 75 2 % R A i 40 20 1 R

6 % 5 e ) — B, EL i 6 A 48 8 280W & 1E (OPC)
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® Litho process window measurement time(IVIATV)
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® Aberration sensitivity
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Fig. 14 Basis of D4C software evaluation and screening marks'
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Fig. 15 Flow chart of D4C software design marking™”
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Line segmented mark
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Space segmented mark
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[ B 4 A3 A il 5 Ce ) MR 40 43 Frid

Fig. 16

Type of mark and segmented method. (a) Unsegmented mark; (b) scan direction segmented mark; (c) non-scan direction

segmented mark; (d) scan direction and non-scan direction segmented marks; (e) inclined segmented mark
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Mark asymmetric deformation resulting in position error”™. (a) Schematic diagram of marking symmetry; (b) schematic

diagram of marking asymmetry

Fig. 17
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Fig. 18 Schematic diagram of OCW method”
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Overlay Model mapping
model Compars matrix M
Alignment Alignment Model Ezposure
measurement model mapping corrections
Example 1
Only wafer- -+ XM -
deformation
Example 2
Only mark- —’ x M —"
deformation
Example 3
wafer +mark- - X M -
deformation

P19 WAMM RS e S5 5 B4 M i 8 ROR A BB TR 45 SR
Fig. 19 Simulation results of filtering effect of WAMM model mapping matrix M"™"
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wafer stage

LSARE . (a) ZHER B (b) X5 1 57 R 2
Fig. 20 Schematic diagram of LSA. (a) Three-dimensional diagram™” ; (b) schematic diagram of X direction™

]

E 21 LSA#RIE'™ . (a) Search#riC-X; (b) search#ric-Y; (¢) EGA#RIE-X; (d) EGA#RIC-Y

Fig. 21
LSA 4 s 2 e 72 8500 A e U0 8, FL i A AE
F LA A G 2 e 2 8] 2 R S8 T Ak
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phase plate

LSA mark”™. (a) Search mark-X; (b) search mark-Y; (c) EGA mark-X; (d) EGA mark-Y
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projection wave plate I
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Fig. 22 Schematic diagram of FIA™!
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K23 FIA#RIE "'.(a) Searchbric; (b) EGAfRid
Fig. 23 FIA mark™. (a) Search mark; (b) EGA mark

KT, T LUBCE F/E F B 2 X3

FIA R FH 58 635 6 U5 BB, B8 38k G+ V5 A TE " 3
G o A 5 3 o 5 Ak BB Uk 20 X AR X HE AR T
R A R M R 25 B R UG B L L SFE T I
FCRE AR 7 B 25 57 00 56 i s 0 ARG T B T A 2%
2.2.3 LIA

LIA 2 WO T 9 % o, & 38 2 R FH P S0 56 A 22

AN KA B TR S R o AR O R A AT B
AT SR 77 A A 22 T W 2 80 AR S X A5 5 9
B R E . XSS S5 RS EOuMkm &%
1555 PEAT X Eb AR 3 0 07 22 B AT A5 31 Rk Rk o
FRiC AT T2 Ao i 0 B mAs . HIRHUR A
i 24 Rt

/ > N | I He-Ne laser |
3 alignment
v signal \ 4
wave plate T 1 L
viv | detector 2 |
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projection
A
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I 1)1 reference grating
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detector 1

K24 LIAJGEHRER”™
Fig. 24 Schematic diagram of LIA"
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TR BEAEIE P T T8 M 50 3 100 A 1 AR, R X L JBE 19 <6
J&JZ .

K4 R EROR ZHORE

Table 4 Parameter characteristics of Nikon alignment technologies

Technology LSA

FIA LIA

Light source He-Ne laser

Tllumination mode Dark field illumination
Technology Phase grating intensity measurement

Scope of application Most marks

Bright field illumination

Image processing techniques

Halogen lamp He-Ne laser
Bright field illumination

Heterodyne interferometry

Rough plane/Asymmetric marks Shallow groove marks/ Metallic layer
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Fig. 25 Schematic diagram of TTL alignment technology™"

P -5 A A AT 67 B, AT 52 B %o v

mask

\—\\
N i
b N scanning
‘\\\ direction
D

W M, W,

Bl26  TTLXMERRIC R R
Fig. 26 Schematic diagram of TTL alighment mark""
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Fig. 27 Schematic diagram of OAL for single stage lithography
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Fig. 28 OAL alignment mark. (a) Cross alignment mark""; (b) long strip alignment mark"™

fERE 2 Al B9 6 20 %0 e B R 46 TTL A1 OAL M
Fho Horp TTL 561 A SE M4 65 ) o, 3 2 452 530
B EA BT HERRIC RO B R R A S R EUE  (H R
Roh % BN BOCHIRE I . T OAL A I T &5 &
Ko % BN RGAR2Z W

3 [ AR AT BN B T £ AR R R

H A, N IR ST PGA B3 31T 5 AR B & 1 A
A B A B ROR 73 & A R R (SMEE) L [ R

SR 6 L AR BT B (TOE) (M R I Tolk K2 (HIT) |
o B2 BE I G 2 R S LT 58 B (STOMD) |, DL R
o R 22 B B i F 52 i (IME) .
3.1 SMEEH & HXMIRiEX & RS

2009 4F , SMEE #& ) — Fh 2 St o5 10 x5 i R 48,
ARG IAR RN E] 29 (a) B R HE AR AC 45 4
R E A 29(b) BT R L Hod R T e M G A 5k
FH 48 306 M 30 FURL X o /0N JE 396 B 64 £ 5 A
TGS o LAt A A T v R T A

@ ' ®)
goatse ahgnm{ant\%_‘_ photodetector
reference grating 'S
rear lens 1— rearlens 2 e alignment small period large period
i A A Py f g . .
beagp splitter > /e kG grémg - '" — grating grating
| S / -1 light intensity acquisition
\ and processing
: ' aperture photodetector
prolju;tlon polarization beam splitter v
ENa laser light ) ] ]
1
" P alignment operation unit
1 A A
—front lens S
wafer ! wafer mar stage mark v
I wafer stage I—P' position acquisition module |
| motion stage ]
y 4
>= motion control module I
Fl29 2t =G . (a) % i 22 GE 45 K P& 5 (b) X v b 10 4544 1]

Fig. 29 Multi grating alignment system””. (a) Structure diagram of alignment system; (b) structure diagram of alignment mark
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Fig. 30 Reflection-style alignment optical path based on Moiré fringes""
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Fig. 31 Four-quadrant gratings Moiré fringe alignment mark". (a) Silicon wafer grating mark; (b) mask grating mark
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Abstract

Significance Lithography technology is crucial for manufacturing all kinds of semiconductor integrated circuits. Overlay,
a major performance indicator, is critical to monitor the lithography quality. Together with the increasing density of
integrated circuit (IC) chips and continuously shrinking critical dimension, alignment accuracy for lithographic overlay is
required to be extreme. Overlay usually refers to the process where each layer of the pattern needs to be accurately
transferred to the correct position on the silicon wafer so that its position error relative to the previous layer of the pattern is
within the tolerance range. The position error among different layers mainly depends on the alignment system situated
inside the lithographic equipment. Thus, the measurement capability of an alignment system is very important, since the
budget of the overlay budget is set to be just one-third to one-fifth of the resolution of a node, and the budget of alignment
is only allowed to be within one-third of the overlay.

For each lithography step, the alignment system measures special marks at certain targeted locations. By calculating
the mark positions, microscopic aligning errors can be captured dynamically and compensated when necessary. Moreover,
considering the wafer deformation during the process, such as the warpage caused by thin film deposition, the partition is
needed with 20-40 marks placed in each region of the wafer. By these means, every exposure field is measured and
controlled precisely.

With the continuous development of lithography, alignment systems have achieved measurement accuracy from a sub-
micrometer level in the 1980s to a nanometer level in 2002 and then reached a sub-nanometer level in 2016. Advanced
lithography companies, such as ASML, Nikon, and Canon, evolve distinctly with their alignment technologies. At the
same time, the designs of the alignment marks vary significantly based on the characteristics of specific alignment systems.
Consequently, it is crucial to categorize and analyze the measurement principles and technology paths of the alignment

systems. It is also important to provide references and insights for successive development.

Progress The high-end litho-equipment global market has been dominated by ASML, Nikon, and Canon. Since the
1970s, lithography machines have briefly been through five generations of products, featured by advanced light-source
technologies and process innovations. These improvements successively reduced critical dimensions and refined overlay.
To address the technical problems, the three companies have continuously developed their alignment technologies. We
summarize the characteristics of alignment hardware systems (Table 1), the corresponding alignment mark designs (Table
2), and the evolutionary roadmap of each company's alignment technology (Fig. 1).

ASML built its alignment system based on the phase grating principle. In the beginning, its single stage system
adopted the coaxial through-the-lens (TTL) aligning method, for which only the first-order diffraction signals were
considered. The advanced technology using high-order enhanced alignment (ATHENA) system was invented to reduce the
influence of the production process on diffraction signals. Later, smart alignment sensor hybrid (SMASH) was introduced
to ensure compatibility with the alignment marks of Nikon and Canon. Furthermore, ORION was developed to reduce the
effect of mark asymmetry on alignment accuracy and was released together with ASML's commercial extreme ultraviolet
(EUV) lithography machines.

ASML conducted research to improve alignment accuracy, such as special mark-design software, color weighted or
polarization algorithms, high-order deformation models, and layout optimized via error separation or grid mapping.

Nikon applied various aligning methods based on specific scenarios, including phase grating intensity, image
processing, and heterodyne interference. Canon then adopted either phase grating or image processing for its alignment
system.

Besides the above international giants, we also investigate the domestic teams who are actively exploring alignment
improvements. Shanghai Micro Electronics Equipment (Group) Co. , Ltd. (SMEE) proposed multi-grating marks with
large and small periods for coarse and fine alignment. Institute of Optoelectronics Technology, Chinese Academy of
Sciences (IOE) conducted an overlapped grating equivalent comparing with the transmission type. Harbin Institute of
Technology (HIT) put forward a multi-channel and multi-order grating interferometry for stable position measurement and

alignment. Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences (SIOM) proposed Moiré
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fringes to enhance the detection sensitivity. Image processing methods were employed to avoid motion errors. Institute of
Microelectronics, Chinese Academy of Sciences (IME) proposed a mark design method that makes zero and even order
diffraction automatically miss while the diffraction efficiency of higher odd orders was enhanced. The team also provided a
depolarizer-compensation method based on an optimized reflective film layer. Additionally, they investigated the effect of

mark asymmetry and proposed a weighted optimization for different diffraction orders.

Conclusion and Prospects The rapid development of the IC industry has triggered increasingly higher demands for
lithographic alignment accuracy and overlay. The development of alignment technology poses challenges to the diffraction
field, such as extraction and analysis of higher diffraction orders, recognition and compensation of asymmetric signals, and
interactions with mixed optical structures. To realize higher alignment accuracy, technology therefore could evolve
through improving optical components, analyzing polarization states and wavelength influences, optimizing the interaction
structures and layouts, and even considering suitable positioning mechanisms. We comprehensively investigate and
summarize the development of alignment technology from perspectives of demands and problems, solutions, and

improvements. The future improvement directions are pointed out to provide a meaningful reference for relevant studies.

Key words integrated optics; alignment; mark; overlay; lithography; integrated circuit
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