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Argon fluoride laser (ArF) lithography using immersion technology has the potential to extend the application
of optical lithography to 45 nm half-pitch and possibly beyond. By keeping the same 4� magnification factor,
the dimensions of the structures on masks are becoming comparable to the exposure wavelength or even
smaller. The polarization effect induced by mask features is, however, an issue. The introduction of a larger
mask magnification should be strongly considered when poor diffraction efficiencies from subwavelength mask
features and the resulting image degradation would be encountered in hyper-NA lithography. The dependence
of the diffraction efficiencies on mask pitch and illuminating angle are evaluated. The near-field intensity and
phase distributions from the mask are calculated. The imaging performance of 4� and 8� masks for the sub-
45 nm node are explored. A rigorous coupled-wave analysis is developed and employed to analyze the optical
diffraction from the 3D topographic periodic features. © 2007 Optical Society of America

OCIS codes: 110.5220, 050.1960.
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. INTRODUCTION
rgon fluoride laser (ArF) lithography using immersion

echnology has the potential to extend the applicability of
ptical lithography to 45 nm half-pitch and possibly
eyond.1 Several techniques, such as higher-index
aterials,2–4 polarization illumination,5,6 and the mul-

iple exposure technique,6–8 are further developed to ex-
end 193 nm immersion lithography beyond 45 nm half-
itch. However, by keeping the same 4� magnification
actor, the dimensions of the structures on masks are be-
oming comparable to the exposure wavelength or even
maller. The polarization effect induced by the mask fea-
ures is, however, an issue.9–12 The improved resolution
apabilities of the optical systems also increase the sensi-
ivity of these systems to the mask defects. Therefore, the
efect printability at the 4� mask will be a severe
roblem.13 The mask cost would increase significantly be-
ause of the stringent mask critical dimension (CD) con-
rol and the use of the complicated optical proximity cor-
ection or attendant features. Moreover, the traditionally
sed Kirchhoff approximation is no longer valid to de-
cribe the light diffraction from the mask. A more compli-
ated rigorous electromagnetic modeling method should
e employed in designing the resolution enhancement
asks or in modeling the optical proximity behavior. This
ould result in a longer calculating cycle time. The

hange to a higher mask magnification factor could relax
he above-mentioned severe situations.6,14,15 The cost of
1084-7529/07/061633-8/$15.00 © 2
he lens system could be reduced due to the reduced ex-
osure field size. However, the lower throughput due to a
maller field size would then be the major concern. The
ntroduction of a larger mask magnification should be
trongly considered when the poor diffraction efficiencies
rom the subwavelength mask features and the resulting
mage degradation would be encountered in hyper-NA
ithography.

In this work, the rigorous coupled-wave analysis
RCWA)16–18 is developed and employed to analyze the op-
ical diffraction from the 3D topographic periodic fea-
ures. Section 2 presents our approach of mask diffraction
nalysis with the RCWA algorithm and the subsequent
igh-NA vector imaging analysis. In Section 3, the depen-
ences of the diffraction efficiencies of an attenuated
hase-shifting mask (attPSM) on feature pitches and illu-
inating angles are illustrated. The near-field intensity

nd phase distributions from the mask are calculated.
he imaging performance of 4� and 8� masks for the
ub-45 nm node are compared. Finally, we conclude in
ection 4 with a summary.

. ANALYSIS
raditionally, the Kirchhoff boundary condition has been
idely used in aerial image simulations.19 The mask is
ssumed to be infinitely thin and the transmitted electric
007 Optical Society of America
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eld is assumed to be a perfect step function with a con-
tant phase shift. However, when the feature sizes on the
ask are of the order of the wavelength or even smaller,

his assumption is not accurate and a rigorous electro-
agnetic method,16–18,20,21 such as RCWA, finite-

ifference time domain (FDTD) method, finite-element
ethod, or waveguide method, should be employed to

ake into account the 3D topographic effects on the mask.
mong the above approaches, the FDTD and RCWA are

he most widely used methods to analyze the light diffrac-
ion from the 3D topography on masks. The FDTD
ethod discretizes Maxwell’s equations in both time and

pace in a straightforward manner and solves the scatter-
ng problem by simulating the field evolution through
ime until the time-harmonic steady-state solution is
eached. The perfect matched layer (PML) method22 is
dopted to restrict the simulated problems in a finite com-
utational domain. The incident waves are applied with
he total and scattered field formulation.23 The speed and
ccuracy of the FDTD method depend on the space and
ime discretization, the total simulating time period, and
he PML parameters. Although the FDTD method is ca-
able of simulating arbitrary 2D or 3D geometries, con-
iderably larger computing resources in terms of comput-
ng time and memory are required.

The RCWA method describes the propagating fields in-
ide the mask with periodic structures by a plane wave
xpansion. Maxwell’s equations are then converted into a
ystem of linear ordinary differential equations by apply-
ng spatial Fourier expansions of the field and the permit-
ivity. The speed and accuracy of the RCWA method de-
end on the number of retained orders.17,18 The
dvantage of using the RCWA is that the transmitted field
rom the mask has been expressed in terms of the spatial
ourier expansion, which can be directly employed in the

ollowing aerial image analysis. Moreover, when simulat-
ng 2D periodic structures such as contact-hole patterns,
omputing efficiency can be improved considerably more
y applying the symmetry properties of the grating dif-
raction problem.24

Figure 1 illustrates the geometry of the RCWA configu-
ation for the mask. The whole structure can be divided
nto three regions: the incident region (region I), the grat-
ng region (region II), and the exit region (region III). The
ncident normalized electric field can be expressed in the
orm

ig. 1. (Color online) Geometry of the RCWA configuration for
he mask.
Einc = û exp�− j�kinc,xx + kinc,yy + kinc,zz��, �1�

here û is the unit polarization vector, kinc,x
k0nI sin � cos �, kinc,y=k0nI sin � sin �, kinc,z=k0nI cos �,
0=2� /�, and nI is the refractive index of the incident re-
ion. The total electric fields in the external regions (I,
II) can be expressed as

EI = Einc + �
m,n

Rmn exp�− j�kxmx + kyny − kIz,mnz��,

EIII = �
m,n

Tmn exp�− j�kxmx + kyny + kIIIz,mn�z − h���, �2�

here Rmn and Tmn are the complex amplitudes of
m ,n�th reflected and transmitted orders, respectively.
he wave vector components kxm and kyn can be deter-
ined from the Floquet conditions and are given by

kxm = kinc,x + m� 2�

R�x
	 ,

kyn = kinc,y + n� 2�

R�y
	 ,

kxm
2 + kyn

2 + klz,mn
2 = �k0nl�2, l = I,III, �3�

here R is the reduction factor of the projection system.
or example, R is equal to 4 for the 4� reduction; �x and
y are the periods of the grating along the x and y direc-

ions in the wafer scale. nI and nIII are the refractive in-
ices of the incident and exit regions.
The magnetic fields in the external regions can be ob-

ained from Maxwell’s equation

H = −
1

j��0
� � E, �4�

here �0 is the permeability of free space and � is the an-
ular optical frequency. In the grating region, the periodic
ermittivity can be expressed in the Fourier expansion:

	II�x,y� = �
g,h

	gh exp
jk0� �

R�x
gx +

�

R�y
hy	� . �5�

he electric and magnetic fields in the grating region can
e expressed with a Fourier expansion in terms of the
pace-harmonic fields,

EII = �
m,n

Smn�z�exp�− j�kxmx + kyny��,

HII = − j� 	0

�0
�
m,n

Umn�z�exp�− j�kxmx + kyny��, �6�

here 	0 and �0 are the permittivity and permeability of
ree space, respectively. Smn and Umn are the complex am-
litudes of the �m ,n�th space-harmonic fields. Finally, by
pplying Maxwell’s equation in the grating region and
atching the boundary conditions at the interface of the

hree regions, the unknown amplitudes Rmn and Tnm of
he diffracted waves can be determined.
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The near-field distribution of the periodic mask can
hus be treated as the complex amplitude distribution of
he object in the imaging system and is rewritten directly
rom Eq. (2),

EO�x,y� = �
m,n

Tmn exp�jk0nIII�
mx + �ny��, �7�

here �
m ,�n�= �kxm ,kyn� / �k0nIII� and 
m
2 +�n

2 +�mn
2 =1;


m ,�n ,�mn� are the unit propagation vectors of the dif-
racted beams from the mask. nIII is the refractive index
f the exit region from the mask, which is air and equal to
in current optical lithography. By considering the reduc-

ion factor R and image inversion, the mask object can be
urther expressed as

EG�x̃, ỹ� = REO�− Rx̃,− Rỹ�

= R�
m,n

Tmn exp�jk0nfluid�
m� x̃ + �n� ỹ��, �8�

here �x̃ , ỹ�=−�x ,y� /R are the reduced coordinates in the
bject plane. nfluid is the refractive index of the immersion
uid. �
m� ,�n� ,�mn� � are the unit propagation vectors of the
iffracted light propagating into the exit pupil of the op-
ical system and are related with the vectors �
m ,�n ,�mn�
rom the entrance pupil by

�
m� ,�n�� =
R

nfluid
�
m,�n�,


m�
2 + �n�

2 + �mn� 2 = 1. �9�

o calculate the corresponding image, the mask object,
he pupil function of the optical system, the influence of
olarization in image formation, and the resist thin-film
ffects should be taken into account. The final image dis-
ribution can be expressed as9

EI�x�,y�� = 

EI,x

EI,y

EI,z
�

= F−1�F�
�,��;z��P�
�,���EG�
�,���H�
�,����,

�10�

here EG�
� ,��� is the spatial spectrum of the mask ob-
ect obtained with the Fourier transform operation. The
omplex amplitudes Tmn of �m ,n�th transmitted orders
etermined from the RCWA approach can be treated as
he amplitudes of the �m ,n�th spatial components of the
ask directly:

EG�
�,��� = 

EG,x

EG,y

EG,z
� = F�EG�x̃, ỹ��

= R�
m,n

Tmn
�
� − 
m� �
��� − �n��.

�11�

he pupil function H describes the conditions of the indi-
idual spatial components inside the optical system.
igher frequency components of the diffracted beams are
ltered out by the pupil and the transmitted frequency
omponents then interfere at the wafer surface to form
he aerial image. Assuming that the optical system has no
olarization dependency in our analysis, the pupil func-
ion H can be scalar in the following form:

H�
�,��� = 0 for �
�2 + ��2 �
NA

nfluid
. �12�

In a high-NA optical system, the diffracted beams
ropagate at very large angles relative to the optical axis
nd then come into interference at the image plane.
herefore, the influence of polarization effects on the im-
ge formation should also be taken into account. The po-
arization matrix P decomposes the x, y, and z compo-
ents of the field vector into its TE and TM components at
he image plane.

P�
�,��� = 

��2

1 − ��2

− 
���

1 − ��2
0


�2���

1 − ��2


������

1 − ��2
− ��


− 
���

1 − ��2


�2

1 − ��2
0


������

1 − ��2

��2���

1 − ��2
− ���

− 
�� − ��� 
�
 + ���

� . �13�

f the light passes through the entrance pupil with a rela-
ively small angle to the optical axis, i.e., ��1 and 
2

�2�0, the polarization matrix P is then reduced to the
orm in Refs. 25 and 26. Finally, if one needs to take ac-
ount of the thin-film effects of the resist stack, the thin-
lm matrix F derived by Flagello26 et al. should also be
onsidered in Eq. (10).

. RESULTS
ttenuated phase shifting mask (AttPSM) is a well-
stablished resolution enhancement technique in 193 nm
ithography and has been widely used for device manufac-
uring. The process latitude is improved as compared
ith that of the binary mask and its design and manufac-

uring is much easier than alternating PSM.27 Therefore,
he case of commonly used MoSi-based attPSM is demon-
trated here. The phase absorber material is assumed to
e MoSiON with the optical constant (2.343, 0.586) (Ref.
2), and will be used in all the following simulations. The
hickness of MoSiON is 72 nm to provide a 180° phase
hift and 6.4% transmission. Figure 2 shows the simu-
ated diffraction efficiencies of the attPSM with 1:1 line
nd pace patterns. The mask magnification factors of 4

and 8� were compared and the dimensions were nor-
alized to the wafer scale. In the Kirchhoff approxima-

ion, the diffraction efficiencies of an attPSM with line
nd space patterns can be written as
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�Kirchhoff = ��1 + �T�
CD

�
sinc�m

CD

�
	 − �T sinc�m��2

,

�14�

here T is the transmission of the absorber, CD is the
inewidth of the opening region, � is the pitch, and m is
he diffracted order of the transmitted light. With the
irchhoff approximation, the diffraction efficiencies de-
end only on the transmission of the absorber and the ra-

ig. 2. (Color online) Diffraction efficiencies of the attPSM with
:1 line and space patterns illuminated with TE- and TM-
olarized light at normal incidence.
io between linewidth and pitch. To take into account the
D topography and the further optical properties of the
bsorber, the rigorous electromagnetic calculations
hould be applied. As shown in Fig. 2(a), there is an obvi-
us turning point at the 48.25 nm half-pitch in the wafer
cale, which is equal to the illuminating wavelength
93 nm on the 4� mask. When the patterns are smaller
han the 48.25 nm half-pitch, the diffraction efficiencies of
E-polarized light decrease sharply. The diffraction effi-
iencies of the zeroth and ±1st diffracted lights are
0.52% and 14.55%, respectively, in the 100 nm half-pitch
nd those values decrease to 3.62% and 8.59% in the
2 nm half-pitch. For the 8� mask, the turning point is
owered to 24.125 nm half-pitch. The diffraction efficien-
ies of the zeroth and ±1st diffracted lights can be kept to
.20% and 14.26% in the 32 nm half-pitch and therefore,
etter contrast images can be formed. The diffraction ef-

ig. 3. (Color online) Diffraction efficiencies of the attPSM ver-
us the illumination angle with TE-polarized light. The patterns
re (a) 32 and (b) 45 nm 1:1 line and space in the wafer scale.
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ciencies of the TM-polarized light were also simulated in
ig. 2(b). The diffraction efficiencies of the zeroth and
1st diffracted lights are 11.00% and 13.80%, respec-
ively, in the 32 nm half-pitch of the 4� mask. The diffrac-
ion efficiencies of the TM-polarized light are apparently
etter than those of TE-polarized light, which is similar to
he behavior of a wire-grid polarizer28 and has been men-
ioned in Refs. 10 and 11. Figure 2(c) shows the mask po-
arizing effects in terms of the degree of polarization
DOP):

DOP =
�TE − �TM

�TE + �TM
. �15�

t is found that the 4� mask tends to polarize the trans-
itted light into the TM polarization state especially for a

alf-pitch smaller than � /4 in the wafer scale. For the
�mask, the apparent polarizing phenomenon can be
ostponed to � /8.
Because of the off-axis illumination in the advanced li-

hography, the variation in the diffraction efficiencies
ith different illuminating angles was also evaluated. In

he Kirchhoff approximation, the diffraction efficiencies
re independent of the illuminating angles, which is valid
or mask pitches much larger than the illuminating wave-
ength. However, when the mask pitch is smaller than the

ig. 4. (Color online) Diffraction efficiencies of the attPSM ver-
us the illumination angle with TM-polarized light. The patterns
re (a) 32 and (b) 45 nm 1:1 line and space in the wafer scale.
lluminating wavelength, the diffraction efficiencies vary
ignificantly with the illuminating angle. As shown in
ig. 3(a), the TE zeroth diffraction efficiency of the 4�
ask is 3.62% in the normal incidence and has a maxi-
um value of 4.94% when �NA is equal to ±1. This is
uch smaller than 13.95% obtained from the Kirchhoff

ig. 5. (Color online) Near-field intensity and phase distribu-
ions from 32 nm line and space features in wafer scale. The il-
uminations are in (a) normal incidence and (b) off-axis with an
ngle corresponding to �NA=1.47.
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pproximation. The TE zeroth diffraction efficiency of the
� mask varies from 8.19% to 8.76%. The pattern is
2 nm, equal line and space to the wafer scale. To include
he mask magnification factor, the illuminating angle is
efined in terms of ��NA,

�NA = R sin �. �16�

he TE �1st diffraction efficiency of the 4� mask is
.59% in the case of normal incidence. The �1st diffracted
ight vanishes when �NA�−1 and increases up to 12.65%
hen �NA=1. For the 8� mask, its �1st diffraction effi-

iency varies from 13.82% to 14.48%. The zeroth and �1st
iffraction efficiency in the 8� mask approach the Kirch-
off approximation and are almost independent of the il-

uminating angle. The case of 45 nm half-pitch was also
imulated as shown in Fig. 3(b) for comparison. For �NA
arger than 0.2, the diffraction efficiency of the �1st dif-
racted light varies from 15.00% to 15.72%, which is al-
ost independent of the illuminating angle and ap-

roaches the Kirchhoff approximation. A �NA larger than
.2 is usually found in the region of the operating condi-
ion with off-axis illumination. Figure 4(a) shows the dif-
raction efficiencies of the TM polarization. For the 4�
ask, the TM zeroth diffraction efficiency is 11.00% for

ormal incidence and has a minimum value of.7.27%
hen �NA is equal to ±1. The �1st diffraction efficiency

ig. 6. (Color online) Near-field intensity and phase distribution
ole-to-space ratio.
aries between 12.44% and 14.09% when �NA is larger
han −0.85, which is much better than the case of TE po-
arization. When �NA is smaller than −0.85, the diffrac-
ion efficiency of the �1st diffracted light drops quickly to
ero which is similar to the behavior of the Kirchhoff ap-
roximation. From Eq. (3), the �1st diffracted light of the
� mask turns to an evanescent wave when �NA is
maller than −1. Together with the simulation results in
igs. 2–4, the TM transmitted light from the 4� mask
an maintain relatively good diffraction efficiencies down
o around 30 nm half-pitch in the wafer scale. The diffrac-
ion efficiencies are not strongly dependent on the illumi-
ating angle even in the case of 32 nm half-pitch with the
� mask. However, the TE transmitted light is preferred
n hyper-NA lithography. The image contrast under TM il-
umination is worse than that under the TE illumination
ecause of the cos�2�� factor in TM imaging.

ITE�x� = A1
2 + A−1

2 + 2A1A−1 cos�2kx sin ��,

ITM�x� = A1
2 + A−1

2 + 2A1A−1 cos�2kx sin ��cos�2��, �17�

here A1, A−1 are the amplitudes of the two beams, � is
he incident angle in the imaging space, k is equal to
�n/�, and n is the refractive index of the imaging space.
ecause of the better TE diffraction efficiencies from the

e (a) 4� and (b) 8� mask with 32 nm contact-hole pattern in 1:1
s of th
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� mask, the migration from 4� masks to 8� masks
hould be considered for the 32 nm half-pitch node.

To visualize the intensity and phase distributions after
he exposing light passes through the 3D topographic fea-
ures, the near-field distributions of the masks were cal-
ulated as shown in Fig. 5. The patterns are 32 nm CD in
4, 96, and 128 nm pitches in the wafer scale and were as-
umed to be illuminated with TE-polarized light. The
ases of normal incidence and off-axis illumination with
n angle corresponding to �NA=1.47 were simulated. For
he 8� mask, the shapes of the near field intensity in the
ask transmitting region are similar in all pitches re-

ardless of the incident angle. There are 180° phase dif-
erences between the mask transmitting and attenuating
egions, which is characteristic of the attPSM. The posi-
ions of the phase drop between the transmitting and at-
enuating regions are situated at the pattern edges of the
� mask. For the 4� mask, the image contrast of the
ear-field intensity is much poorer than those of the 8�
ask. The positions of the phase drop between the trans-
itting and attenuating regions are deviated from the

ig. 7. (Color online) Aerial images of 32 nm CD in the immer-
ion fluid. The NA of the imaging system was assumed to be 1.55
ith a high-index immersion fluid and lens material. Illumina-

ion is with (a) TE polarization and (b) TM polarization in the di-
ole configuration with � =0.9 and � =0.
center radius
attern edges in the case of normal incidence. The phase
istributions are worse and deviate far from the Kirchhoff
ssumption in the off-axis angle �NA=1.47. There are no
istinct 180° phase differences between the mask trans-
itting and attenuating regions for the 4� mask. The

ear-field intensities and phases of the contact-hole pat-
ern were simulated as shown in Fig. 6. The mask CD is
2 nm in the wafer scale with a 1:1 hole-to-space ratio.
he exposing light was assumed to be polarized in the di-
ection of the y axis with normal incidence. For the 8�
ask, there is a strong peak in the hole center and the

80° phase difference is clear between the mask transmit-
ing and attenuating regions. However, for the 4� mask,
he peak intensity is much smaller and is only 15.7% of
he value of the 8� mask owing to the lower diffraction
fficiencies in the subwavelength features. Moreover,
here are strong sidelobes in the four corners for the 4�
ask. The near-field phase distribution deviates from the

attern shape. In summary, the 8� mask shows a better
ear-field intensity and phase distribution both in the 1D
nd the 2D patterns.
Traditionally, in the aerial image calculation, shift in-

ariance of the diffraction spectrum is assumed to sim-
lify the simulation process. Only the diffraction spec-
rum with a normal incidence needs to be calculated. The
iffraction spectrum for oblique incidence is approxi-
ated by shifting the diffraction spectrum of normal inci-

ence in the direction of the incident light. However, from
he above analyses, it was found that the diffraction spec-
rum will be strongly dependent on the illumination angle
n hyper-NA lithography. Therefore, the shift invariance
roperty is no longer valid and Abbé’s approach should be
sed instead of Hopkins’s approach in the following aerial

mage simulation. In Abbé’s method, the illuminating
ource is discretized into mutually independent coherent
oint sources. The final aerial image is then obtained by
n incoherent superposition of all the contributions from
ach point source. Figure 7 shows the aerial images in the
mmersion fluid. The resist thin-film effects are not con-
idered in our analysis. The patterns are 32 nm CD in 64,
6, and 128 nm pitches in the wafer scale. The NA of the
maging system was assumed to be 1.55 with the high-
ndex immersion fluid and lens material. The illumina-
ion is in the dipole configuration with �center=0.95 and
radius=0. Both the TE and TM polarization were simu-

ated. The solid curves are the aerial image from the 4�
ask and the dashed curves are from the 8� mask. The

mages are normalized to the open frame intensity, which
s the intensity of a clear mask without any feature. In
he TE illumination, the aerial images of the 8� mask
how a better image contrast owing to the higher diffrac-
ion efficiencies from the 8� mask. The reflection between
he immersion fluid and the photoresist is not taken into
ccount here. Because the reflectance increases with an
ncreased incident angle, the image contrast will be worse
han those shown in Fig. 7. In TM illumination, there are
o significant differences between the aerial images of the
� and 8� mask. However, the image contrasts are not
ood, which has been mentioned in the diffraction effi-
iency analysis. Furthermore, it is found that the inten-
ity peak of the 1:1 line and space pattern under TM illu-
ination is shifted one half-pitch in the lateral direction.
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his will happen when the incident angles are larger than
5°. From the Eq. (17), the cos�2�� factor is negative when
is larger than 45°.

. CONCLUSION
n this study, the influence of mask magnification on
ithographic imaging for the sub-45 nm node was evalu-
ted with RCWA. The TE and TM diffraction efficiencies
rom the 4� and 8� attPSM mask were compared. Al-
hough the diffraction efficiencies of the TM transmitted
ight from the 4� mask are not strongly dependent on the
lluminating angle and are kept relatively high in the
2 nm half-pitch, the TM-polarized light is not preferred
ue to poor image contrast. For TE-polarized light, the
iffraction efficiencies of the 4� mask decrease sharply
rom the � /4 half-pitch, i.e., 48.25 nm. In the near-field
istribution of the 4� mask for the 32 nm CD, the posi-
ions of the phase drop between the transmitting and at-
enuating regions deviate from the pattern edges in the
ase of normal incidence. The situation is worse in the
ase of off-axis illumination, �NA=1.47, and the phase
istribution cannot be kept correctly. The introduction of
igher mask magnification can relax these severe situa-
ions seen with the 4� mask. For the 8� mask, the obvi-
us decrease in the TE diffraction efficiencies can be low-
red to � /8 half-pitch, i.e., 24.125 nm. The diffraction
fficiencies can be almost independent of the illuminating
ngle. Distinct 180° phase differences between the mask
ransmitting and attenuating regions are maintained.
herefore, better lithographic performance can be ob-
ained by using the 8� mask. Furthermore, the mask cost
nd defect control problem can be reduced. If hyper-NA li-
hography with a high-index immersion fluid and lens
aterial can be obtained, the migration from 4� to 8�
asks should be strongly considered.
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