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Abstract: The deep ultraviolet lithography is currently a main method for integrated circuit manufacture. The
immersive projection objective must be used to increase resolution of the optical system for realization of smal-
ler component feature dimensions. Therefore a number of rigorous requirements for optical coating component
are put forward. In this paper we present designs of the film material and film system applicable to immersive
lithographical system as well as the large angle polarization-maintaining film system required for optical systems
at high NA. Key issues about immersion environment adaptability, hydrophobicity and anti-contamination of
the immersion coating most critical to the objective are discussed. Laser irradiation lifetime of the coated com-
ponents especially in the immersion environment that is an important factor to evaluate performance of the im-
mersive lithographical system is analyzed.
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1 Introduction

A

New process nodes need to be reached accord-
ing to Moore's Law to increase integration of the in-
tegrated circuit components involved in the semicon-
ductor technology. Its key issue lies in how to im-
prove the lithographical resolution. In consideration
of the fact that the resolution of lithographical projec-
tion objective is directly proportional to the exposure
wavelength A and the process factor k£ and inversely
proportional to the numerical aperture of lithographi-
cal projection objective NA''" | the value of objective
NA can be increased to improve the lithographical
resolution only with full immersion between the last
objective component and the silicon wafer in case
that the main exposure wavelength is fixed as
193 nm and the process factor has been mini-
mized'?
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The value of projection objective NA can be in-
creased to 1.3 — 1. 4" with objective immersion to
meet the requirement 10x nodes. But the application
of the objective immersion technology makes the cor-
responding optical design and manufacture processes

face more rigorous technology issues, and even thin-
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film optical components of the objective have to face
a number of issues such as realization of optical indi-
ces, adaptability to the immersion environment and
security of the laser irradiation lifetime. The objec-
tive specifications such as component transmittance

) must be strictly met.

and polarization aberration
Design and preparation of the large angle polariza-
tion-maintaining film system will face extreme chal-
lenges>'. The last system component has to be im-
mersed into a liquid environment for years, and its
characteristics such as anti-etching'®’ and hydropho-
bicity!” represent particular requirements that regu-
lar optical coatings have never faced. At the same
time, film-coated components need to maintain opti-
cal capabilities in a liquid immersion environment

and under the laser irradiation for years'®'.
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The above issues relate to the fields of optics,
chemistry, materials science, etc. They can be
solved systematically only through the multi-discipli-
nary technical cooperation. To this end, systematic
researches on the lithography were carried out began

from end of the last century, under the leadership of

the research of integrated circuit manufacturing tech-
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nology, the lithography machine and the projection
objective manufacturer as the main force, with the
cooperation of optical materials manufacturers and
related universities and research institutes. The opti-
cal capability, liquid immersion and irradiation life-
time of mask aligner, particularly immersion projec-
tion objective provide severe limitation of the overall
design and operation stability. Therefore, mask a-
ligner suppliers such as ASML and Nikon are dedi-
cated to solving the contamination in an objective ap-
plication environment and building up Marathon test
devices for evaluation of the long-term irradiation li-

fetime of components and thin films™".

Material
suppliers such as Corning and Heraeus have com-
menced the long-term testing to evaluate the laser ir-
radiation lifetime of optical materials such as fused
quartz and calcium fluoride, and also created foun-
dational damage models to evaluate the long-term

10 N
: ]. Furthermore, some research insti-

practicability
tutes have also conducted continual in-depth investi-
gations under organizing by industry unions such as
SEMATECH in United States and ASET in Ja-
pan[“]. For example, Lincoln Laboratory at MIT
has conducted systematic researches on DUV (193
nm)/VUV (157 nm) laser irradiation and liquid im-
mersion lifetime of optical materials and thin

films'®

. In addition, projection objective manufac-
tures such as Zeiss and Nikon are dedicated to re-
searches on security of optical capability of high NA
projection objectives, control of the polarization ab-
erration and manufacture of extremely high-precision

21 Layout of the above

coated optical components'*
multi-level researches has effectively supported fun-
damental and applied studies on the immersive litho-
graphical objective. Capabilities of the immersive
mask aligner that first emerged since 2004 ( ASML-
XT1250i) have been constantly improved and now
can meet the requirement for 1Xnm nodes.
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Chinese studies in this field began from 2007.
Changchun Institute of Optics, Fine Mechanics and
Physics carried out research and development of the
lithographical projection objective technology towards
than 90 nm'"”! nodes and much smaller nodes. Sys-
tematic research progresses in terms of ArF laser ir-
radiation lifetime of thin-film components and im-
mersive material protection interface have been ob-

d[]4-16]

taine to provide a good foundation for further

apply of the projection objective.

AU T AE TR [ 46 T 2007 4R fEE 5K
PHEE R LI S35 T, KR ITIE 11 14
90 nm""* F LR A AU e 2 B M B AR B
TEWRE T ArF SOGHE IR 73 4 R IBR KL B 4 5
BT S T AR R e
Rt — I B RE T R Ar L



748 o DA

1%

2 Design and Realization Approach of
the Large Angle Film System for
Immersive Lithographical Objective

Components
QR EN AR /K o S DN D2
ABOT AR ILIE R

2.1 Design of the broad angle antireflection
(BAAR) film system
B A ERK (BAAR) IR # iR

There are two particular difficulties for the im-
mersive projection objective. First, a high NA cau-
ses increase of the light incidence angle on the com-
ponent surface. NAL.35 can be used as an example
the water refraction index is 1. 437 corresponding to
the objective system NAO.94. In such case, some
components need to reduce the residual reflectance
within 0 —=70°""7). The optical coating for immersive
projection objective faces severer issues in terms of
the large angle incidence than those for dry objective
(NAO.75). In addition and from the view of film
system design, film systems designed with materials
such as MgF,, AlIF,, LaF,, GdF, and Si0,""*"’
prepared in traditional thermal evaporation and ion
beam sputtering methods are insufficient to ensure
the extremely low residual reflectance and S/P polar-
ization split at a large angle incidence, when an ArF
excimer light source with the operating wavelength of
193nm is used. Some common methods that elimi-

20210 cannot be compatible with

nate the polarization
the requirement for large angle incidence and need
to pursue better solutions.
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From the view of film system design, the above
broad angle antireflection ( BAAR) film system can
be realized with two ideas. On one hand, the best
solution of a film system design depends on materials
with high/low refraction indices known from the
maximum value principle in mathematics. The larger
refraction index difference results in better optical
capabilities of a film system'”'. The BAAR film
system with more superior capabilities can be de-
signed with importing film layers that have a lower
refraction index. As shown in Fig. 1, lower the re-
fractive index of the outermost material in the de-
sign, the smaller the residual reflectance and polari-
zation separation when the film is incident at a large
angle. On the other hand, a film system design
within 0 —70° has approached to the so-called “om-
ni-directional antireflection film”. An ideal solution
uses the film system where the refraction index is
shaded from the substrate to the air side, which has
no interface and reflection and can effectively elimi-

122! However, an ideal

nate the polarization spli
film system with shaded refraction index is hard to
be realized. The film system with shaded refraction
index can be substituted approximately with the film
system that has a gradient refraction index only ac-
cording to the principle of Snell’s Law and following
the rule that the film system interface with a smaller
refraction index variation results in a larger initial in-
cidence angle that begins to cause the polarization
split. To realize both the above ideas, many possible

attempts have been made in practice to prepare film

layers with extremely low and adjustable refraction
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Fig. 1 Simulated relation between the refractive index of the top layer of an five-layer-antireflective coating and the reflec-

tance. stack, five layers(only the refractive index of the top layer was changed)
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2.2 Realization approach of BAAR film layer

materials

BAAR [EE##H) LI EE
2.2.1 Film layer with an extremely low refraction
index prepared in the sol-gel method
NS - s 4] B ARAR AT I A IR R

Among regular film-coated materials, Mgk, and

cryolite have the lowest refraction index. MgF, has
the refraction index of approximately 1.44 at
193 nm. The cryolite has a lower refraction index,
but it is not suitable for use in the objective due to
its worse environmental adaptability. In addition,
traditional PVD processes are not convenient to real-
ize the refraction index adjustment. Thus only other
methods can be pursued to realize an extremely low
refraction index. It can be known from the equiva-

lent medium approximation ( EMA ) model that a

pore structure needs to be introduced into the film

layer to reduce the film layer refraction index. Main
methods to prepare film layers with an extremely low
refraction index include template and sol-gel meth-
ods. In recent years, many technologies to prepare
thin films with the template method use copolymer as
the template where film layers with the refraction in-
dex of 1. 11 in a visible range as well as a certain
anti-friction capability can be prepared. But the
high-temperature calcination at more than 450 °C
shall be used for this method. It is insufficient to
meet the requirement on film-coated component sur-
face shape index for the lithographical objective (less
than 1 nm for a single component). Compared with
the template method, the sol-gel method has been
widely used in recent years due to its simple reaction
principle, relatively low preparation temperature
( ~200 C ), and favorable surface hydrophobic

modification >/,
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For optical coatings on the lithographical objec-
tive, the regular sol-gel method uses MgF, as a base
material to prepare materials with an extremely low
refraction index. Different reaction paths can be a-

'] But the essential idea is

dopted in realization
basically consistent. The MgF> sol material is ob-
tained through reaction between the weak acidic salt
or alcoholate that contains magnesium and the fluoric
acid. Generally this material consists of self-organ-
ized nanometer particles that can form the MgF, bub-
ble structure after treatment with an autoclave or ag-
ing treatment. In addition, the catenulate tree struc-
ture is formed through hydrolytic polycondensation of
TEOS. It wraps the bubble MgF, particles to consti-
tute an irregular tree structure. The sol sample ob-
tained is used for thin film preparation through Czo-
chralski method*’ or the spin-coating method. Fi-
nally pore film layers are prepared to realize a refrac-
tion index lower than that of the lumpy MgF,. The
refraction index of film layers obtained finally can be
adjusted with parameters in the reaction. The lowest
refraction index that can be realized with this method

is slightly more than 1.1, but the mechanical

strength of film layers is frequently low. To solve

31] .
1.5 use the viscous

this problem, Ishizawa et a
Si0, solution for spinning on the MgF, film layer pre-
pared and heat to 100 — 200 °C to form the amor-
phous SiO, between Mgk, particles, which makes
mechanical strength of the film layer increase from
approximately 25 MPa to about 135 MPa. In addi-
tion to the exiremely low refraction index of the sol-
gel film layer, its another advantage lies in a high
resistance to laser damage that makes the film layer
maintain integrity after exposure to the ArF laser ir-
radiation at 5 x 10" pulses and the energy density of
600 mJ/cm’/pulse ™.
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Mgl K 4544, 75 41, 33 TEOS 1 7K i 41 2R 2
IOL, T IMCBEAR B 1) T 254, A7 7K AR Mgk, Ok
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A LB IR )Z , SE B TR T R Mel, (9 47 5
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200 °C ,fifi Mgl #i 5~ Z [AJE % 1 A &b Si0, , K i
JEZIIHUREREE i ~25 MPa {27+ 2 ~ 135 MPa, ¥
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600 mJ/cm®/pulse 2 1 22 i 5 x 107 fk i g
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As shown in Fig. 1, the MgF, antireflection film
prepared with the sol-gel method or traditional PVD
film system with the sol-gel coated MgF, film layer
has good optical capacities at the vacuum ultraviolet

waveband and deep ultraviolet waveband.

B 1 o P IBE-BE I T 5 I i 45 9 MgF,
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2.2.2  Mixed film layer material

B R A

When the two materials of high/low refractive
index are co-evaporated, a specific refractive index
film layer between the two materials can be realized
by adjusting the ratio of the two materials. Realiza-
tion can be made with two methods. One is the gase-
ous phase mixture method where two separate evapo-
ration sources each evaporate one material and the
required proportions are obtained by changing depo-
sition rates of both materials. The other one is used
to directly mix materials as per designated propor-
tions in one evaporation source for evaporation,
which is called the liquid phase mixture. The former
is flexible for refraction index adjustment and is more
applicable to cases where continuous adjustment of
the refraction index is required. But its defects are
also evident. Proportions of two materials are differ-
ent in space distribution. Thus it is not suitable for
the preparation of large diameter components. The
latter can be used only to realize particular propor-
tions of materials, but it can be used for large-cali-
ber components with curved surface and is applica-
ble more extensively.
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FCrP R — P07 20 T 5 AR A R R B R, Bl
Tt ZESR T R ST (SR E L
B, REPIRRE R C e B AT 25 18] 53 A1 19 22 5+
P, BRI TE 125 S BUOR PR TTAF il 4 5 J5 —Fh o i
HABSEBURRE B BHEC BE , LR T T HA il AR
R D ARTe i, BA iz i3 A o

What needs to be pointed out specifically is that

any refraction index between 1. 20 and 1. 44 can be
realized with the aforesaid sol-gel method where the
molar ratio between Si and Mg in two sols of MgF,
and SiO, are controlled. The schematic diagram for
mixture of two sols in different proportions and the
corresponding refraction index are shown in Fig. 2.
Recently, Xu Yao et al. 534 have prepared the an-
tireflection film system with a gradient refraction in-
dex by controlling the molar ratio between mixed ma-
terials, which is potential to meet broad wavebands
or the demand for broad angle antireflection.

T A EERRIRAR RS2 , A T O A -
BRI i o P il Mgk, A1 Si0, B e Si Al
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yN DS ST IE I o S 3 W 7y NS P U}
PEWNE S PORHEE 2R Ui o (b 7 A6 BE 3 S Sk S g
AR, AT S B T8 A IS A SR A

1.50
N . " . — é E@g
5 1401 . n=144
R= . —
= _3888
2 . n=136
S 1.30r o
& ——_ohdo
(2 n=1.26

1.20F—

) ) n:1.2‘0

00 04 08 12 1.6 2.0

Si/Mg molar ratio
+ MgF, Gk A o FERO
o KIDIR MgF, 25 _3838 S
Fig. 2 Realization of the adjustable refraction index

with mixture of two sols ( MgF, and SiO, ) at

different Si/Mg molar ratios
K2 WishiE R (MgF, fl Si0, ) AR[A) Si/Mg BE/R H iR
AT

2.3 Security of objective system indices with
the BAAR film system
BAAR R & Xt ) R G RIS TRAIRE
Design and realization approach of the BAAR
film system have been presented in the above. Now
indices of objectives NAQ. 75 and NA1. 35 are used

as an example to explain how to evaluate objective
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system indices. Impact of the objective on the inci-
dent light can be expressed with Jones Matrix. The
pupil expressed with Jones Matrix is called Jones Pu-
pil, components of which are not certain in physical
significance. It is not easy to distinguish indices be-
cause of combination of different influence factors.
Thus it is broken down into the form of physical pu-
pil, components of which are independent from each
other and certain in physical significance. They can
be expressed with parameterization in the directional
Zernike Polynomials. The objective’ s Jones Pupil
can be described with five pupil functions that have
certain physical significances after simplification and
decomposition ;

FRNENG T BAAR R iR S 52
@, BLLL NAO. 75 FiI NAL. 35 Y8E 35 br kA1,
UL BE R RAEAR AT AL o P BEXE AL ER)
SR ] FHERUYTRE M s, R B0 AR R 37 1) G it
PR B . BUTCHE 2 B AP LS A
R, AN )20 DY R A2 G — ik, AN dE AT B AR
FREGRI > , PR HORE o3 i i BOs i ) T2 X B
PO ) 25 o3 AH B Sy HL) P SR O ]
M7 1) Je e 2 WA T S HALRAL . il fR e
5o, MEn ot el Lk 5 A B W)
HHRE SO pR AT A -

J=t-e"" ], (d,0) -
Ju(a) + Jou($,B)

The diattenuation J, and the retardation J _ are

dia ret
two main influence factors of the polarization aberra-
tion, which correspond respectively to amplitude and
phase splits. Generally it is required in the immer-
sive projection objective with NA1. 35 that the diat-
tenuation is less than 0.5% and the retardation is
less than 2 nm. It is also required that the apodiza-
tion uniformity corresponding to each viewing field of
the system is not less than 90% and the transmit-
tance is not less than 60% .

A, =W F 8, ( diattenuation, J,, ) Fl 4k iR
(retardation, J ) NIR IR 22 A F 2L
R, 7N AR 23 2 AAR AL 73 B, 72 NAL 35 ()
BB B P, — BE SR R <

0.5% ,JEIR <2 nm, FIMER RG4S IR N
A ik #5 5) P ( apodization uniformity, ¢) =90% ,
B =60% .

Impact of the polarization aberration caused by
film system on the imaging cannot be ignored at a
certain extent of the objective numerical aperture.
Shang Hongbo et al. use the objective system with
NAQ. 75 for studies on the intensive lines imaging at
90 nm intervals and the imaging contrast. It is found
through comparison between common and BAAR
film systems in terms of diattenuation, retardation,
apodization uniformity, transmittance and intensive
line contrast at 90 nm intervals that the system retar-
dation has been reduced significantly from 1. 55 nm
to 1. 2 nm after use of the BAAR film system. In ad-
dition, the intensive line contrast at 90 nm intervals
in the objective is increased from 0.08 to 0.89 by
adjusting the objective system design simultaneous-
Iy

AP HRUE AR IR B — & B E I, AR T 5]
A ARG 220 AR B AN B LI5S
R NAO. 75 W88 ZGE X 90 nm B AR LR R MR,
FEXF AR BN L BE AT TS, 300 5 X b3 3 R
Fil BAAR JIE R 8 B A9 UK S AE IR B) ik 3 5]
P 375 A 90 nm BRSNS WL SEHE bR, K
KA BAAR it R 5, £ 48 1Y 188 25 FEAIK, h
155 nm (5] 1.2 nm, 5550, dad P85 Y B R 45t
it (8 90 nm FAEL AT L 0. 08 $2 T
30.891%,

The film system has a bigger impact on the po-
larization aberration in an immersive objective with
higher numerical aperture. System indices corre-
sponding to different film systems such as regular
film system, combined film system and combined
BAAR film system that includes film layers with an
extremely low refraction index are shown in Tab. 1.

TERAE LA B v iR B B M 280 f
PRGIEREMRE R o 2 1 JRANTRI IR 2R X L AR AR 8
fobr, — PR MIER, —MRA SRR, 75 —F
JE N R RIS AR R A A 45 BAAR AR
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Tab.1 System indices corresponding to different schemes

x1 AEARMEMRSIER

Regular

Index requirement System index

film system film system

Combined

Combined BAAR film system that includes film

layers with an extremely low refraction index

Retardation/ ( RMS,nm) <2.00 2.69
Diattenuation ( RMS) <0.005 0.009
Apodization uniformity >0.90 0.79
Transmittance >0.60 0.69

2.29 1.94
0.015 0.010
0.89 0.94
0.55 0.67

It can be seen from the table that retardation,
apodization uniformity and transmittance of the film
system have been increased significantly after use of
film layers with the extremely low refraction index of
1.1 and the requirement for objective system indices
can be met.

MR LR & b 3 g 08 11
RIS 22 5, RGUAEIR (U)X SIPEAE
AR BRIETT, REUE 1 R W B R G B AR bR 2
Ko

3 Lifetime of Film-coated Components

in an Immersion Environment

2% TIOLIRB T 69 91 BT A

The practice used to increase numerical aper-
ture of an optical system with immersion of the last
component has a long history. For example, this
method has been being used in a high-NA micro-
scopic objective. Use of the dry lens cannot realize
the system-required imaging resolution at the mini-
mum optical exposure image resolution of a mask a-
ligner that is less than 45 nm. Therefore the immer-
sion lithography is naturally put forward. The system
resolution at 193 nm can be increased by 44.3%
through objective immersion when other conditions of
the objective system are not changed. However, use
of the immersion lithography technology will make
the last component of the objective be immerged in
water for a long term. Service lifetime of the im-
merged component must be fully considered.

M i — AT A TR BT AR ey
RGBSRk R E A, Bl NA &

B — BRI . 22D G
B/ NS B35k 5 45 nm LUTR I, SR A T4
S B ICIESE B AR 8 R 1 UG o B 1R 0k
ZI 1 B AR T AR MLl F o 7E 193 nm Ab, 7EW R
ARG ERIEALRINOUT , AU R 1) B R
(77 20t nlF R G000 B R GE T 44.3% o SR AN
RAMBEBAOCL BN, Yy it G — A o %
K RIRBAE K 20 58535 IR BT A8 il
7z
3.1 Waterproofness of the last-window compo-
nent
T&ATHRIBKiERE

The objective immersion is realized by adding
an immersion liquid supply and recovery device be-
tween the last-window objective component and the
silicon wafer, which will continuously inject fresh
water into the gap between last window and silicon
wafer and recover it. Thus the last-window compo-
nent has to be continuously subjected to washing by
the immersion liquid when the objective is operat-
ing. The requirement for anti-etching and hydropho-
bicity is put forward therefrom.

Wi R S e N o oot S 6 R 2 1]
BRI T ik B R A 2 R RS
Wit ) T B 10 S 2 I A TR B A T A B B 9 4
KIS PR TEW B AR E], R % TR
CAFERZ R R, i B IO R A T B 2
(LIESTI R

The objective itself does not move together with
the silicon wafer workbench during exposure. The
flow field on the last window surface forms a nearly
lateral flow at approximately 60 mm/s. The compo-

nent will be subjected to the shearing force and
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etched constantly. Anti-etching characteristics of the
component depend mainly on the material itself at
the pure water condition. Use of CaF, as the last-
window component material will result in its un-ig-
norable dissolution in water, and it will be etched
easier at a certain flow field. Thus coating of a pro-
tective film system is required in use. The fused
quartz material is much solider than it. Weissenried-
er et al'® have carried out a detailed research on
material etching and given reference indices. The
dissolution/etching rate of the surface exposed to im-
mersion liquid ( that may be the non-film coated opti-
cal material or outermost layer of film layer material )
in an immersion environment shall be less than
0.01 mg/(cm® + day) or even less than
0. 005 mg/(cm” - day) or 0.002 mg/(cm” - day).
The film system for immerged component must con-
tain protective film layers including the barrier layer
and wearing layer. The barrier layer does not have
pores that penetrate film layers, and there is at least
one layer that cannot be permeated by the immersion
liquid. The wearing layer is outermost layer exposed
to the immersion liquid, which shall have a suffi-
ciently low etching rate.

W T A BB R AR RE TS
Fedly, M R RSN ~ 60 mm/s [T
B0, JCP R 7K B U 7 TR Wy 2 o e 2
IKBIZAET , TR 20 ik 4 1 SR TR A
5 ARR T CaFy 4108 F 8 H o prRE, Ak
W2 R A AN R B AR B A AR — € A3
Sz, TR fet I o B BRI R o AR
1M 5, A7 5 A4 8 ) IR [5] 75 2, Weissenrieder %5
NSRRI 2 AT T RN RS 24 1
TSGR 5 R WA fih i) 2 ThT (T BE 2 R
e bR s 2 A B B O 2 ) AR IR A5
TRV R/ %) Pl s 2 /N F 0. 01 mg/(em” -
day), ¥ Z /N F 0.005 mg/( em® - day) 3%
0. 002 mg/ (em® + day) , I FLIZ 014 1 i 8
AL BA DRI DI RE B IR )= , £ 435 BEL 5 )2 R 46t
2 P E A S A RG2S, P20 h
—JZICIEWAR IS 2 , V2 O 5 15 I i ) B

SMZ  RLHAT AR 2 P R

In practice, the barrier layer in a protective
film system can be prepared with the plasma en-
hanced chemical vapor deposition (PECVD) meth-
od. Generally it consists of pore-free SiO, film lay-
ers. It must be ensured that overall optical capabili-
ties of the film system do not vary with thickness of
the wearing layer gradually reduced over time. The
wearing layer can use a protective flat panel consis-
ting of body material(e. g. fused quartz). The bar-
rier layer can be prepared with hydrophobic materi-
al, e. g. Merck’'s WR series materials or polytet-
rafluoroethylene ( PTFE ). The film system with pro-
tective layers can be also applied. The liquid materi-
al or lubricating material is applied together with the
flat panel made of body material. Bai Jingjian et
al. **" have investigated solubility of various materi-
als in water( the flow field in this test is not provided
at the lithographical condition, so the test result
shall be static solubility of the material ). It is found
that thicknesses of the SiO, film layer and the LaF,
film layer prepared on crystal surface of the CaF,
substrate (111 ) are not changed. The index at
which solubility of the film layer in the pure water
shall be less than 2 x 10 7" g/mL is given. Burn et
al. " have summarized the index from the view of
practice, at which thickness reduction of the anti-
corrosion coating at operating conditions shall be less
than 10 /h and indicated possible materials inclu-
ding Si0O,, ITO, polymer and non-sensitive resin for
photoresist.

TESEE A, PRI 2 rP B B )= n] IR 45
BT AR s A DT (PECVD) J7 kil 4%,
— BN TCALRY Si0, ZE o X TR, ih T
JEE ST TR 7 /), 00 00 DR UE JE 2R 9 B (A~ 1
REAN AT 4522 J52 2 T A8 A, B 452 AT LR e 1
PR A PR AP P B (9 I il £ 35 ) o BB JZ ]
AR EA K VE R R R 4, inBR ) WR &R
SR RFECR U IR L (PTFE) i a] AN PR32
N2, R et B LA 3 9 1k A R 5 AR
PARBE AN o I A5 25 58 T 45 Fibg Rt
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TEZK R B E (12 S5 3 R RO 2] T fe it
T, B AT SR N A AR Y 8 A TR R L) L
PAE 70 CHEURAY LK PRI 3 h )5, Si0, )=
55 CaF, ZEIE (111) ST 4 _F i 45 ) LaF, 152 Y5
JEERAIAR I A R I 2 HE B2 6 K ) e J5E
AT 2x107" g/mL B4R Bum 577 M
SR A BE S5 TR P & (Anti-Corrosion Coat-
ing, ACC) 7E .10 F IR BE (I ik T BT 10 7/
h By bR, IF46 T AT BEAIATRL, f146 Si0, \1TO
AW HDCES R AR BRI o

Some solutions for preparation of the pore-free
optical coating are provided. Pazidis et al. " use
Si0, prepared through chemical reaction to fill or
partially fill pores in the film layer. The reaction
substance can be trimethylfluorosilane, hexamethyl-
disilazane,, hydroxytrimethylsilane or hexamethylcy-
clotrisiloxane. Bai Jingjian et al. "**' use high homo-
geneity and backfilling of the wet film forming meth-
od to fill pores in the film layer for increase of the
anti-permeation ability of the film-coated compo-
nent. In addition, there are also solutions to address
the problem with film-coating and polishing cy-

cles'®

. The first coated film layer is polished to re-
move a part of thickness and then the removed thick-
ness with polishing is compensated through subse-
quent coating. The probability that defects are gen-
erated at the same location in two times of coating is
relatively small. Pores that penetrate film layers can
be removed completely through a number of coating
and polishing cycles to realize waterproofness of film
layers.

BEXT I A 0L B 6 A W, AT R
R T — )5 R Pasidis 55 N SR AL RN
B Si0, A B TR R 7 SH IR A FLER,
SR SR AT L2 = R G AR B 7S Pk U
R SERERE R N H IR N R 5 R
) R e S P o 50 R P R e LA P of S 7
SRR ALER, DL s B T BUIR B RE 15 7
A AT SR P IS~ 4 e ARG B SR e phe o Ry
S8, B2 R JS X DG R B — 0 5
JE , SR 1o s S P RN S B L BR AR

T A S B I R o A A ] — 7 B ) J LR AR X
BON A T U IRE-I AR PRI AT DL 5E 42 25 bR
SRR AL, S BB E BB K o
3.2 Leaching contamination and hydrophobici-
ty of the immerged component
RRTHRRTE RS HRKS T

The silicon wafer with coated photoresist needs
to be exposed and etched repetitively for manufacture
of devices on the mask aligner. There will be many
contamination factors in more than 100 manufacture
processes, which lead to defective devices that make
the transmittance fall down. Furthermore in compari-
son with the dry lithographical technology, the possi-
bility for contamination of the last window on the im-
mersive objective is extremely increased due to con-
tinuous flow of the immersion liquid between the last
window and the silicon wafer. Thus the immersive
lithographical objective must meet the anti-contami-
nation and superficial hydrophobicity requirements.

TESCZIBLA 3 e 75 B IR A 6 2 e Y
R AT R -2k A b A IE R A
FAERZ S ETT BB R, 10 3 Eoas 14 1 Sk
FamiE R TR 5300, 5 THOZI T ML, t
THRWAE T8 1 56k R Z A28 3l , A s
TIREAWE T E DG Y T RErE . IR
HOCZ W) B2 A0 75 [5] 5 395 12 By 175 G 55 3 1T i 7K 2L
Ko

Contamination of the last window on objective

9400 and viscosity ' of

results mainly from leaching
the photoresist. It is very possible for photo-acid
generator ( PAG ), quencher and small-molecule
group in the photoresist that are dissolved in the im-
mersion liquid to adhere to the last surface of objec-
tive window at the flow field. Accumulation of these
leached substances with a very small amount in years
of the operating period will lead to lens hazing'**' on
the objective that increases system stray lights and
decreases the transmittance.

XEFYIEE R 5 Y RO B T2
BT (leaching ) ™ FURE B IR A, e 205 v
fRERR ™ A2 75 (PAG ) (K5 ( quencher) 17Ny
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The immersive lithographical contamination can
be eliminated by increasing the contact angle of the
which

needs to be controlled at the minimum of approxi-

objective last-window component surface,

mately 70°'*" for restraint of the defect quantity
within an allowable range and prevention of contami-
nants from adherence to the component surface along
with water flow. The result of contact angle measure-
ment for common last-window components and film
layer materials is shown in Fig. 3. The contact angle
of Si0,'*, ALO;, MgF, and LaF, film layers is
less than 50°. It is mush insufficient to meet operat-
ing requirements.

RBAOCZ) 75 YR R nT LGE i 32 = Y B 1 o
TG F2 T R S A A R o T LI 3 1155
DU, R R RO BR 1 78 SR VET L, 3 Ay 2=
DTFEREHIAE ~70° B 1k 15 Y P B K 14 3 )
TETCIFRIME . 3 W T 6 H i i
JEBERG B Aol A T B 25 5, Si0, (AL O, Mg, |
Lal J522 A9 £ fil 5 241 /N T 50°, 328 18 A~ RE I 2 1l
SR

RJE—AMB Je 2R
(@
80
8
2 6of K3
> CA=47
O
B AT
3 A2 —
g 200 CA=13
O
0 1 A " i’
SiO, ALO, MgF, LaF;
Thin film material
(®)

Fig.3 (a) Last optical element of the lithography ob-
jective; (b)Contact angle of the film layer ma-
terial

K3 (a) W ADEZIW BT % H ool (b) )2 4k

FR & fik

To solve this problem, it is necessary to modify
the surface of the coated component to increase the
contact angle by using last surface energy group,
such as the small molecule fluoride, methyl or the
like. This case is exhibited in Fig. 4. Contact angle

of the film surface can be increased to approximately

| AR
GG o 0
o SON S
{ SIOZ ] 7 Sl \ ,/Si ,,
- /¢ emHC o HC
H,O l
BT (Bl 7O
Fig. 4

& 4

110° with surface modifying, which meets the hydro-
phobicity requirement. But the contact angle may be

decreased to a certain extent during the long-term la-

o _lOHHo _

Si

Befih 1 (Si0,)=33°

{ SiOz ]
CH;

H20
ef fh (K& H)y=110°

Increase of the material surface hydrophobicity with surface trimming

1 3o T W B s A e T K 1

. .o 45
ser irradiation*’

. Therefore, it is worthy to further
study stability of the film layer surface hydrophobici-

ty at the laser irradiation condition.
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4 Laser Irradiation Lifetime of the

Optical Film Component
BT LA e AR R

Optical film components of the lithographical
objective need to withstand several ten billion pulses
in operating period of the mask aligner that is 7 - 10
years. Repetitive frequency of a laser source is 4 -
6 kHz'“'. Energy density of a single pulse is be-
tween 0. 1 mJ/cm’ and several mJ/cm’. The energy
density at this extent is 2 —3 magnitudes lower than

threshold
(LIDT) ') of optical coatings. But the long-term la-

the classical laser induced damage
ser irradiation will still result in absorption, adher-
ence and optical thinning of the film-coated compo-
nent'""! and even a combined variation brought by

both the laser irradiation and the immersion environ-

ment.

TESCZIBLT ~ 10 4 (4 s FH R BT N, D6 209 B2

73 A 1

HG A M T 2R S2 0A A kot 9F HL
WOECIRI T E R AE 4 ~ 6 kHz Z A ik
PPAE R AE 0.1 m)/em® EEAS m)/em® Z ]
IR R EE Y e i B BO L IR A 22 01
15 % { ( Laser Induced Damage Threshold,
LIDT) “7HIG 2 ~3 A, AR K IO 4 I 07
SRS P IBETTA 7 A T R B P RO B2 Y
[ 2 e O S R A AR R
JIr R iy 552
4.1 Laser irradiation lifetime of the deep ultra-
violet optical coating component
REMNEEAZTHRHLERS®

Optical path of the basic test device for online
monitoring of continuous variation of the component
transmittance during irradiation is as shown in
Fig. 5. In addition, accessories can be added into
the evaluation device to detect the sample$ laser-in-
duced fluorescence ( LIF') spectrum or perform the
online/offline ellipsometric measurement. These re-
sults together with the online transmittance result are
used for comprehensive evaluation of the irradiation
lifetime.

FH AL MR I TC 1355 3o 387 i o A rh R
AL B FEAR SR A BN S R BRILZ
G, i BT IR DAl R B N IR , A O
PTG (LIF) |, SO0 RE i R4 T 1R 2R/ B 2
2 B IEE , F) 3ok S 45 SR 5 7R 207 o) 3R 45 SRk
IR IR Ao 25 G Al

o3 AU 2

PR
AL | R

193 nm Y&k

s 1

ccomi |

Fig.5 Optical path of in-situ transmission measurement while laser irradiation
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There is a non-linear relationship between the
extinction coefficient of Al,O, film subjected to asyn-
chronous excitation of the laser at 193 nm and the
repetitive laser frequency . Thus what needs to be
first considered in the laser irradiation lifetime evalu-
ation is impact of the repetitive frequency on the
component lifetime. So far, similar phenomena have
not been found in fluoride materials (including the
fluoride film ), and the single photon absorption
mode is still presented. Thus the value of irreversi-
ble component damage ( the increased absorption) is
linearly correlated to the repetitive frequency and en-
ergy density, as shown in Fig. 6.

ST 193 nm MO AL, O, A 5250
SO A OE R RS WOEH AR 2 A R B R
ZAER R R, BOCHE B A G PR e
D Y IVPR V- e SO PV L i) A I (R
Ak, 1 ARAETRACI A CRLAE FAL P ) Hh 2 B
PRI BLGE AT s o O, IR g oo
AT A (WSR3 N ) i MBS AR (e
AR LNESC R WA 6 TR o
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=
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a Laser repetition rate/Hz

Fig. 6  Relationship between the value of irreversible
component damage and the repetitive frequency

and energy density
B6  JTiFAAgE 5 i S 5 T R R R R
PN

Intuitive recognition of the component damage
progress can be based on online tracking and meas-
urement of the component’s wide-spectrum ellipso-
metric parameters. Mapping distribution of ellipso-

metric parameters that were initiatively not featured

tends gradually to be same as the irradiation facula
shape along with dose accumulation in the irradia-
tion. As shown in Fig. 7, variation of a film system
can be fit dynamically by using changes of A and ¥
over time. Liberman et al have created the dynamic
film layer thinning model based on the assumption of
surface film-layer laser irradiation densification in
accordance with the film system fitting result, as-
suming that the film thickness changes continuously
at a constant rate in the irradiation environment.
This model agrees very well with the online film-sys-
tem transmittance fitting results'®’ | as shown in
Fig. 8.

T XS TCAF I SE T 2 A T e LR B
I, AT DO e 0 Do R S WA TR
MRS AR, Bl 50 i ) R, JRUAS JCRAAIE R A i =
it mapping 73 A1 12 -5 5 MEOC B AR [, An sl 7
Jezs BT A A W BRI 928 A ] L3l 25406
F A2, Liberman S5 BRI 58 R U5 450, 5T
“RMEER RO MBI RS, A TR
Bl ARSI (R i Y J5E T A IR BT
S A, I HAR s R A, XS 5 i
RAELB T RING G R SR, e 8
NS

0 —0.1 —02 —0.3
@

(b)

Fig. 7 (a)Delta space distribution for the film-coa-
ted component after laser irradiation; (b)
Laser irradiation sample
B7 (a) BEREOCIHEROEH BUS 1923 ] Delta 73
Aii 5 (b) WOt ha B R
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Fig.8 Relationship between the transmittance ( solid

lines) in dynamic film-layer thinning model
and the transmittance ( scattered points )
measured actually during irradiation
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4.2 Laser irradiation lifetime of components in
the immersion environment
RRIME T T ERE S

The last-window surface exposed to water in the
immersive lithographical projection objective is sub-
jected to both the immersion liquid and the laser ir-
radiation. Its service lifetime is different from that in
the pure immersion or laser irradiation. Liberman et
al had evaluated the laser irradiation lifetime of
products provide by main suppliers of lithographical
film-coated components and obtained the result
showing multiple degenerations including film disso-
lution, film layer falloff, complete transmittance dis-
appearance in a un-irradiated area, surface rough-
ness increase, film layer thickening/densification,
film blackening and discoloration in an irradiated ar-
ea that can be found only at the reflective observa-

. .. 497
tion condition'*’

FEREAOCZIBE W E b, 5K T &
I 17 7] B 32 12 V5 SO R DU EE 5, LAl
F A 3T B2l i IR W s Ot R I . Liberman
B NCAD G ¥t UL ST o AT Dl B
JEHE A A A, 25 R R T ZFHEL IS
8 OIS A RS2 0 A B B DX I ) 6 58 40
I HRTHTRLAE 32 30 i % J2 A4 i/ S50 i g R
A RS W B 45 14 F RE % % B i A IX e 25
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The above result has shown complication of the
issue. Immersion irradiation lifetime of the compo-
nent is closely related to the immersion environment
(including contamination ) and irradiation condi-
tion. The water quality and leaching contamination
have a considerable impact. Liberman el al have
built up an ultrapure water treatment cycle system to
strictly control indices in the part of immersion liquid
in contact with component surface including conduc-
tivity ( > 18 M€)) and total carbon content ( <2 X
10~° ¢/mL) 8] and further studied contamination
effects at different doses brought by contaminants
such as isopropanol, acetone, methylbenzene and
silicone on the above basis. Contaminants at the
content of several ppb to more than one hundred
ppm are injected into the immersion liquid and cy-
cled for observation of immersion irradiation charac-
teristics of the fused quartz substrate'™'. Surprising-
ly, film layers that can be considered as contami-
nants and have a refraction index different from the
substrate have not been found in all samples. The
reason is explained such that a water film was formed
on surface of the fused quartz to inhibit formation of
surface contaminants at the interface between water
and component.

FARER IR TR R A, e R
e B A7 S RIS (AR TS Y ) VR AR R
RO, He oK S RIS e 5 B A R B
Wi o Liberman 55 A5 1 8 4l K 4b PRG3R R ¢,
D ol W S B v T -3 1 7 D S
(>18 MQ) BBk i (<2 x 1077 g/mlL) 45 H73
PEAT T A R A AR SR A X
LTSRN SN & 3 R S B o e A N B =6
TS RBCREE K201 ppb & EFH A ppm &7 REHY
TS REWE NI IR P EA TR ER , I X Rl A7 D BE e 1Y)
R R AT TR L A NS 1
A HIRE R R e BT B S T G LA KA
SRS TR E MR o I B LR O - R R
ARRMIE IR T —JZ KM, ) 1 F2 s G 7e
Y]y e T W
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To further identify the contamination mecha-
nism, the contaminant content and pure water flow
will be strictly controlled at quasi-working conditions
in the next test. Having studied the bare fused
quartz substrate and film-coated CakF, sample, a
more complicate anti-intuitive phenomenon is found.
Samples have not been contaminated in the laser ir-
radiation area but have been severely contaminated
at upstream of the water flow outside the irradiation
area, and even the transmittance disappeared com-
pletely at some locations'™. On basis of these phe-
nomena, Liberman et al point out that; first, the
contamination shall not be a pure adherence and
shall result from competition between both the adher-
ence and cleaning mechanisms; second, the laser
appears not only as a negative player but also as a
participant in the complicated photochemical reac-
tion to make foreign matters become contaminants on
one hand and facilitate generation of the cleaning
catalyst with water participation on the other hand,
where the component surface maintains cleaned at a
bigger action of the latter than the former; and final-
ly, the severe contamination at upstream of the com-
ponent and the unchanged optical capabilities at
downstream can be explained as excessive intermedi-
ate products with the cleaning effect that gather at
downstream along with water flow while no such
products at upstream. The above result constitutes a
very important reference to effectively controlling im-
mersion irradiation lifetime of the component.

N T 2L WG TG QAL 7R3 TR A SE 5
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5 Conclusions
& %

The immersive lithography technology repre-
sents currently the upmost optical manufacture,
which imposes requirements on the thin-film mainly
from two respects. Rigorous requirements such as
large incidence angle and inhibition of the polariza-
tion split are brought by high numerical aperture of
the projection objective. New film layer materials to-
gether with corresponding processes need to be de-
veloped to meet demands for shaded refraction in-
dex, film layer with an extremely low refraction in-
dex, etc, realize the large angle polarization-main-
taining film system and satisfy the system image
quality requirement. The optical coating component
works at highly repetitive frequency and high cumu-
lative energy density conditions, and even the last
component needs to be immerged in the immersion
environment during the full life cycle. Satisfaction of
the requirements for waterproofness, hydrophobicity
and resistance to laser irradiation constitutes a pre-
condition to apply the immersive projection objec-
tive. The relevant research progresses to the above
issues were presented and the relevant technologies
were discussed in this paper to point out a technical
direction for optical coating components to better sat-
isfy the demand for immersive projection objective.
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