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STCC formula including polarization and M3D effects in high-NA
EUYV lithography

Hiroyoshi Tanabe,* Moe Sugiyama, Masayuki Shimoda, and Atsushi Takahashi
Institute of Science Tokyo, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8550 Japan

ABSTRACT

Hopkins’ TCC formula is conventionally used in optical lithography simulation. However, in EUV lithography, the TCC
formula must be modified to account for the mask 3D (M3D) effect of the thick EUV mask absorber. In the previous
paper, we proposed the STCC (Source-position dependent TCC) formula, which used three TCCs (TCC, TCCSX, and
TCCSY) to represent the source-position dependence of the M3D effect. The STCC formula was the basis of our CNN
model, accelerating EUV lithography simulations. In this report, the STCC formula is extended to include the
polarization effect, which is not negligible in high-NA EUV lithography. We show that an additional coherence function
C, must be introduced into the STCC formula. C,, represents the effect of the electric field rotation in the meridional
plane, which depends on the polarization p = x or y. As a result, six TCCs (TCC,, TCCSX,, and TCCSY,) are required
for high-NA EUV lithography simulation.

Keywords: lithography simulation, neural network, EUV mask

1. INTRODUCTION

The thin mask model has been used in optical lithography simulations. In this model, the far-field diffraction amplitudes
from a thin optical mask are calculated by a Fourier transform of the mask pattern (Fig. 1). However, in extreme
ultraviolet (EUV) lithography, the thin mask model is not valid because the absorber thickness is comparable to the mask
pattern size. High-aspect absorbers induce several mask 3D (M3D) effects, such as contrast fading, best focus shifts and
non-telecentricity, which results in the critical dimension (CD) error and edge placement error.'> M3D effects are caused
by the distorted diffraction amplitude from a thick EUV mask. The diffraction amplitude can be calculated rigorously by
using electromagnetic (EM) simulators.?> These calculations are highly time-consuming and not suited for full-chip
optical proximity correction (OPC).

In optical lithography simulations, the sum of coherent systems (SOCS) model® is often employed in full-chip OPC to
accelerate the computation. The SOCS model decomposes Hopkins’ transmission cross coefficient”® (TCC) into a set of
eigenvalues and eigenvectors. The TCC formula is equivalent to Abbe’s theory,’ assuming the thin mask model. The far-
field diffraction amplitude from an optical mask (thin mask) is the Fourier transformation of the mask pattern MFT(q) . It
is a function of the diffraction momentum (wave vector) ¢, and it does not depend on the source position s. However, as
shown in Fig. 1, the diffraction amplitude from an EUV mask (thick mask), E(q; s) depends on both ¢ and s. Therefore,
the TCC formula cannot be used for EUV lithography simulations.

In our previous paper,!? the source-position dependence of the diffraction amplitude from an EUV mask was
approximated as a linear function of the incident momentum. We defined the coefficients of the linear function as M3D
parameters. By inserting the linear approximation of the diffraction amplitude into Abbe’s theory, the source-position-
dependent TCC (STCC) formula was derived, which contained three different TCCs. The SOCS model was applied to
each TCC to accelerate the computation. M3D parameters are uniquely calculated from the mask pattern. A
convolutional neural network (CNN) was constructed to infer the M3D parameters from the input mask pattern. The
CNN inference was 2,400 times faster than the EM simulation.

In the previous paper, we assumed that the NA of EUV optics was 0.33. Recently, high-NA (0.55) EUV scanners have
been installed at several sites.!! The polarization effect is large in high-NA optics, and several models'>!? were proposed
to include the polarization effect in the lithography simulation. In these models, Abbe’s theory was implicitly used to
calculate image intensity. However, there was no explanation of how to convert Abbe’s theory into the TCC formula in
the presence of polarization. In this work, the STCC formula is extended to include the polarization effect.
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In Sec. 2, we review the STCC formula that includes M3D effects. In Sec. 3, the STCC formula is extended to include
the polarization effect, which is not negligible in high-NA EUV lithography. In Sec. 4, the CNN model for fast EUV
lithography simulation is explained. Sec. 5 is the summary.
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Fig. 1. Near-field and far-field diffraction amplitudes from an EUV mask.

2. STCC FORMULA INCLUDING M3D EFFECTS

This section is the review of the STCC formula in Ref. 10.
In optical lithography, the image intensity I(x) on a wafer is calculated by using Abbe’s theory as follows.

1) = ] S()| ] MM (@)P(q + )e et My dg|“ds. M

where S and P represent the effective source and the pupil function of the projection optics, respectively. My and M, are
the magnifications of the mask in the x and y directions. The Fourier transform of the mask pattern MFT(q) is a function
of the diffraction momentum q = (qx, qy), but it does not depend on the source position s = (sx, Sy ).

In Refs. 7 and 8, Hopkins’ TCC formula is derived from the mutual coherence theory, assuming the thin mask model (i.e.,
the transmittance of the object does not depend on the incident angle). This formula can also be derived by changing the
order of the integrations in Eq. (1) as follows.

I1(x) = [[ TCC(q; @ )MFT (@) MFT" (q")eMx(ax-ax)x+iMy(ay-03)Y dqdq’, )
TCC(q; q") = [ S(s) P(q + $)P*(q' + s )ds . 3)

The TCC does not depend on the mask pattern M. Therefore, the TCC is precomputed and stored in memory to speed up
the image intensity calculation.

The computation of the image intensity is further accelerated by using the SOCS model. The SOCS model decomposes
the TCC into a set of eigenvalues A,, and eigenvectors ¢,,, as follows.



TCC(q:q") = X AmPm (@D P (4. )

Then, the image intensity is calculated by the following equation.

1) = S A | [ b (@) MFT (@) Mxt+Myayy) gl )

The computation of the SOCS model becomes extremely fast by selecting large eigenvalues, which gives dominant
contributions to the image intensity. The SOCS model is often used in full-chip OPC.

In EUV lithography, Abbe’s theory is also valid to calculate the image intensity. The Fourier transform of the mask pattern
MFT(q) in Eq. (1) is replaced by the far-field electric amplitude E(q;s) as follows.

1(x) = [ S(s) |[J E (q; )P(q + s)ei(Mxaxx 3053 g | ds, (6)

Since the far-field electric amplitude E(q; s) depends on the incoming momentum s, the order of the integration in Eq. (6)
cannot be changed. Therefore, TCC formula cannot be applied to EUV lithography simulations.

The far-field electric amplitude E(q; s) is a continuous function of the source position s as shown in Fig. 2. To change the
order of the integrations in Eq. (6), we approximate the electric field E(q; s) as a linear function of the source position s
as follows.

E(q;s) = E(q) + 05, E(@) (s + 4,/2) + 3 E(@) (s, + 4,/2) , (7)
where

E(q) = E(q;s = —q/2), (®)

JE(q;s)
05, E(q) = = : ©)

* Ts=-q/2

0E(q;s)
0, E(q) = —— . 10
5 Elq) == o (10)
The origin of the linear expansion in Eq. (7) is s = —q/2. This position is the center of the overlapping area of the effective

source S(s) and the pupil P(q + s), assuming the effective source size 6 =1 (Fig. 2). Only the overlapping area contributes
to the image intensity integration in Eq. (6).
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Fig.2. Far-field amplitude in the overlapping area of the effective source and the pupil.

Inserting Eq. (7) into Eq. (6) we obtain

2
1) = [] 56|11 (E@ + 0, E@ (s, +4:/2) + 00 E@(s, + 4,/2) ) P(q + s)e (aesvalag|[ ds. (1)
By changing the order of the integrations, this equation can be decomposed as follows.

1(x) = [[TCC(q; q' E(q) - E(q') e™Mx(ax—ax)x+iMy(ay=0)y dqdq
+2Re {ff TCC(q;9)E(q) - (6st (@) q'x/2+ 05, E(q)q'y/ 2) eMx(@x=ax)x+iMy(ay=ay)y dqdq'}
+ 2Re{[] TCCSX(q; q)E(q) - 0, E(q')"e™Mx(ax=ax)x+iMy(0y-03) dqdq'}

+2Re{ [ TCCSY(q; q')E(q) - 9, E(q') e Mx(ax-a)x+itylay-a3) dqdq'} (12)

where TCC, TCCSX, and TCCSY are defined by the following equations.

TCC(q;q") = [[ S(s)P(q + s)P*(q' + s)ds, (13)
TCCSX(q;q') = [[ s,S(s)P(q + s)P*(q' + s)ds, (14)
TCCSY(q;q') = [[ 5,S(s)P(q + s)P*(q' + s)ds. (15)

The quadratic terms of s and sy that appear in the expansion of Eq. (11) are ignored in Eq. (12). We call this formula
source-position-dependent TCC (STCC).

To speed up the computation, the SOCS model is applied to the Hermitian matrices TCCSX and TCCSY. Then, three TCCs
are written as



TCC(q; q") =2 anen(@en(q), (16)
TCCSX(q;q') = X0 B dn (@)1 (q), (17)
TCCSY(q; q") = X Vo Vn (@ (q"), (18)

where ,,, 5, ¥, are eigenvalues and ¢,,, ¢,,, 1, are eigenvectors.

Figure 3 compares the image intensities calculated by Abbe’s theory and the STCC formula. The far-field electric
amplitude E(q; s) is calculated by using the 3D waveguide model in Ref. 14. The mask pattern has 14 nm vertical spaces.
The optical setting is NA 0.33 and the dipole illumination DX90 with Gin/Gou = 0.55/0.9. The absorber material is Ta, and
the thickness of the absorber is 60 nm. As shown in Fig. 3, the linear approximation of the STCC formula gives good
accuracy. The root mean square (RMS) of the difference between the intensities calculated by Abbe’s theory and the STCC
formula is 0.5 %. The intensity difference is normalized by the reflectivity of the multilayer, 0.64.

Mask Difference

0.7 0.10
0.6 0.08

0.06
0.5 0.04
04 MAX 1.1% 0.02
0.3 MIN -2.4% 0.00
’ RMS 0.5% -0.02
0.2 -0.04

-0.06
o1 -0.08
0.0 -0.10

Fig. 3. Image intensities calculated by Abbe’s theory and STCC formula.

Linear approximation of the source-position dependence of diffraction amplitudes is the first step to include the M3D
effects in TCC formula. However, as shown in Fig. 11, there remain non-linear terms in the source-position dependence
of diffraction amplitudes. These terms may give non-negligible contributions to the image intensity when different
absorbers or different optical conditions are used (see Appendix). In these cases, the second-order terms can be included
in Eq. (12) at the expense of computational complexity.

To obtain the STCC results in Fig. 3, the SOCS model was not applied, and Eq. (12) was used straightforwardly. Although

detailed investigations have not yet been performed, good accuracy was obtained by using 100 eigenmodes for TCC and
20 eigenmodes for TCCSX and TCCSY.

3. STCC FORMULA INCLUDING POLARIZATION AND M3D EFFECTS

In Sec. 2, we derived the STCC formula including M3D effects. The polarization effect is ignored, assuming the NA of
EUV optics is 0.33. However, the polarization effect becomes large in high-NA optics. The rotation of the electric field
inside the projection optics causes the degradation of the image contrast on the wafer. As shown in Fig. 4, when the electric
field is in the meridional plane, the image contrast becomes low in high-NA optics.
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Fig. 4. Image contrast difference between two polarizations.

3.1 Representation of polarization by vector potential

The Jones vector is often used to represent the polarization of the light. The Jones vector has two electric field components
E and E,. The z component E, is set to zero, assuming the light is traveling in the z direction. In Ref. 15, we proposed a
new representation of polarization using vector potential. The vector-potential representation is a more general
representation of polarization than the Jones vector, because it does not assume that the light is travelling in the z direction.
Figure 5 compares the Jones vector representation and the vector-potential representation.

As shown in Ref. 15, the electric field of light in free space is written by the vector potential A as follows.
E =ikA -+ (k- Ak, (19)

where k is the wavevector and k is the wavenumber. It can be easily proved that the electric field is perpendicular to the
wave vector.

E-k=0. (20)

The vector-potential representation has two polarizations.

X polarization:

A =(4,,00), 21)
»
E =2 (k? — k2, —kyky, =k k) (22)
Y polarization:
A=(0,4,,0), (23)
iA
E = -2 (=kehy, k?* — k3, —k k). (24)

The z component of the vector potential 4, can be fixed to zero by the gauge transformation.!> The vector-potential
representation of polarization has two degrees of freedom, which corresponds to the freedom of the photon.
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Fig. 5. Representations of polarization by Jones vector and vector potential. In the Jones vector representation, light travels
in the z direction. In the vector potential representation, light travels in any direction.

3.2 Polarization changes at an EUV mask

The incoming wave from the effective source is diffracted by the EUV mask. The diffraction changes the polarization of
the incoming wave. Even when the incoming wave has X polarization, the outgoing wave has both X and Y polarizations.
However, as shown in Ref. 15, the polarization changes at the mask are very small in EUV lithography. This is because
the refractive index of the EUV absorber is close to 1. In optical fiber theory, the refractive index of the core is close to
that of the cladding, and the weakly guiding approximation'® is often used, which decouples the two polarizations. This
approximation also applies to EUV lithography.!> As shown in Fig. 6, the difference between the image intensities
calculated by the vector model and the weakly guiding approximation (scalar model) is very small, less than 0.1 %.
Therefore, in this paper, the polarization changes at the mask are ignored.
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Fig. 6. Polarization changes at an EUV mask and weakly guiding approximation.

In Fig. 7 of Ref. 15 we showed the result of the weakly guiding approximation when the low-n absorber TP1'7 was used.
The complex refractive index of the TP1 absorber is (0.91,0.032). The accuracy of the approximation deteriorated when
the low-n absorber was used. However, the low-n absorber is still under development, and the mask process has not yet
been established, as discussed in Ref. 17. Note that the weakly guiding approximation could not be used for ArF
lithography simulations, where the refractive indices of the membranes are much larger than that of the air.

3.3 Rotation of the electric field in the projection optics

According to Ref. 18, the electric field in the meridional plane rotates inside the projection optics. On the other hand, the
direction of the electric field parallel to the sagittal plane does not change, as shown in Fig. 7. In the figure, ey (eg) and
ey (eg) are the unit vectors in the meridional plane (sagittal plane) at the mask and wafer, respectively.



Figure 8 shows the outgoing wave at the mask and the incoming wave at the wafer. In the figure, so is the momentum of
the chief ray at the mask defined by

2
Sg = (sOX, Soy» —\/k2 — (Spx)? — (Soy) ) , (25)
Sox = ksin@ sin ¢, (26)
Soy = ksinfcosg , (27)

where 8 and ¢ are the incident angle and the azimuthal angle (from the y axis) of the chief ray at the mask, respectively.
The outgoing momentum at the maskis p + sy, andp =q +s = (px, Py, 0) represents the position at the entrance
pupil. With these definitions, the sagittal unit vector eg at the mask, which is perpendicular to the outgoing momentum
p + s, and the chief ray momentum s, (both are in the meridional plane as shown in Fig. 8), is written as follows.

_ (p+so)xsg _ pxsg
T |(p+so)xsel  Ipxsol (28)

S

The meridional unit vector ey, at the mask is perpendicular to the sagittal unit vector e and the outgoing momentum
p + s, as follows.

_ (p+s0)
ey = €5 X (29)

The incoming momentum at the wafer p’ is related to p by the following equation.

2
p’ = (Mxpx: Mypy: _\/k2 - (Mxpx)z - (Mypy) )s (30)

Then, the sagittal unit vector e’s and the meridional unit vector e’y at the wafer are written as follows (see Fig. 8).

Iy ol
1 _ b Xez
€s = |p’xe;|’ (31)
'
el = es x (32)

where e, = (0,0,1).
With these definitions, the electric field at the mask E and the electric field at the wafer E’ are related by the following
equation.

E' = (E-eg)es+ (E-eyey - (33)
Equation (33) is rewritten as a matrix equation as follows.

E' =RE, (34)

where R is a rotation matrix defined by

Rg(P) = €'sa(Pespg@) + e'va@enp®) o B=xy 2. (35)
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Fig. 7. Rotation of the electric field inside the projection optics. Fig.8. outgoing wave at the mask and incoming wave at

the wafer.

3.4 Coherence function

The electric field rotates in the projection optics from E to E' = RE. Then, the image intensity on the wafer is written as
follows.

1,(x) = [ 5,(s) | [f R(q + )E, (q; )P(q + s)ei(Msaxx+mya) g | ds (36)

where p represents the polarization X or Y. We assume the linear polarization for the effective source S. The polarization
of the effective source and that of the electric field in the projection optics are the same because the polarization changes
at the mask are ignored as discussed in Sec. 3.2.

In Sec. 2 we converted Eq. (6) to the STCC formula. If we straightforwardly use the same method to Eq. (36), TCC,
TCCSX and TCCSY become 3X3 matrices due to the rotation matrix R. This can be avoided by changing the variable
from the electric field to the vector potential. From Eq. (19), the electric field at the mask E, is written in terms of the

vector potential A, as follows.

, kAp(q;s)
E,(q;s) = ikA,(g;s) — i—2 "k, 37

where

k = k250 (38)

— T lptsol”
Since the unit vectors eg and ey are perpendicular to the momentum p + s,
es'k:eM'k:(). (39)

Therefore,



Rk =0, (40)

and

RE,(q; s) = ikRA,(q; s). (41)

This equation simplifies Eq. (36) and provides an advantage when converting Eq. (36) to the STCC formula because
A, (q; s) has only one component.

The vector potential A,(q; s) is the amplitude of the outgoing wave from the mask as follows.

Ay(q;s) = — (4%¥'(q; 5),0,0), (42)
k2-sZ

Ay (q;s) =——=(0,4%(q;5),0), 43)
kZ—SJZ,

where A%!'(q; s) and A%F!(q; s) are the relative amplitudes of the outgoing vector potentials from the mask, assuming the
amplitudes of the vector potentials at the effective source are one. The factor 1/,/k? — sz is the normalization factor at
the effective source explained below. At the effective source, the electric field E,(s) and the vector potential A, (s) are
related by

E,(s) = ikA,(s) — i =2 s, (44)

The normalization factor is derived by assuming the strength of the electric field at each source point is one, a convention
commonly used in lithography simulations.

E,(9)|" = k2|4, (s)|" — |s- 4,()|" = (k2 —s2)|4, ()| = 1. (45)

Therefore, the normalization factor is 1/,/k? — s7. When there are N source points, the total image intensity will be
divided by N after the simulation.

Inserting Egs. (41-43) into Eq. (36) we obtain

kzk_zsg A,rf‘l(q; S)A;;el* (q; s)ei(Mx(qx—q,'c)x+My(qy—qs,)y) dsdqdq’

(46)

L,(x)=[[S,(s) P(q +s)P*(q' +s)C,(q' +5;q9+5)

where C, is a coherence function defined by



C,(';p) = (RT(p’)R(p))pp =es(p') - es(pes, (P es,(p) +en(@’) - en(@ e, (P em, @) (47)

This function represents the coherent loss of two rays coming from different directions, which depends on the polarization
p. Figure 9 shows examples of the coherence functions when the two rays come to the wafer from opposite directions, i.e.

= -p. As shown in the figure, the values of the coherence functions become small (coherent losses become large), when
the following two conditions are satisfied: a) the direction of the incoming waves is parallel to the polarization (i.e.,

polarization in the meridional plane), b) the incident angle (px or py) is large. This effect becomes large in high-NA optics.
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Fig. 9. Examples of correlation functions for NA 0.33 and NA 0.55.

So far, we have assumed that the effective source is linearly polarized in the X or Y direction. In general, the polarization
of the effective source depends on the source position.'? In this case, Eq. (36) is rewritten as follows.

Ix) = [f |ffR(q +s) {\/ Sx($)Ex(q;s) ++/Sy(s eid)(s)Ey(‘Ii s)}P(q + S)ei(MXqu+Myqyy)dq i ds
= Iy(x) + Iy (x)

+2Re{ [[ /Sx($)S,(s) e" S P(q + s)P*(q' + s )(R™(q' + s)R(q + s))yx X

K2

—— ATl (q; )AL (q; 5)el(Mxlax-ax)x+My(ay-a3)Y) g5 dqdq’ }. (48)
(k2-s%)(k?-s3)

where ¢ (s) is the phase delay between the X and Y polarizations.

3.5 STCC formula including polarization effects

The vector potential is expanded as a linear function of the source position, as shown in Eq. (7), as follows.
Arel(q; 5) = Ay (@) + 05, Ap (@) (s, + 42/ 2) + 35, A4, () (s, + q,/2), (49)
where

A, (q) = A (q;s = —q/2), (50)



04 (q;s)

O e (51)
04 (q;s)

05,4,(q) = e s (52)

Inserting Eq. (49) into Eq. (46) and neglecting the second-order terms of sx and sy, we obtain

I,(0) = [[ TCC,(g; 4)A, (@A, (q)eMx(ax=a)x+iy(ay-a)¥)dq dg'
+2Re {ff TCCp (q' qr)Ap (q) (asxA;) (q’) ‘Iz_x + 9. A* (q’)q?y) ei(Mx(qx—%’c)x+My(qy—q§/)3’) dqdq/}

s
+2Re{ff TCCSX,(q;q")A,(q) 85 A, (q')ei(Mx(qfc—::’c)HMy(qy—q’y)y) dqdq'}
+2Re { Iy rcesy, (a; 4)A, (@) 4, (q')ei(Mx(qx—q,@)xwy(qyw’y)y)dqdq'} : (53)
where
TCC,(q;q") = [[ S,(s) P(q + $)P*(q' +s)C,(q' + ;9 + 5) %ds, (54)
TCCSX,(q; q') = [[ 5:S,(s) P(q +s)P*(q' +5)C,(q' +s;q + s)%ds, (59)
TCCSY,(q;q') = [[ 5,S,(s) P(q +s)P*(q' +s)C,(q' +s;q+5) %ds. (56)

Equations (53-56) represent the STCC formula including the polarization effect. The coherence function C,, which

reflects the rotation of the electric field, is introduced into TCCs. The number of TCCs is doubled to six from the STCC
formula in Sec. 2 without the polarization effect. Since the six TCCs are Hermitian matrices, the SOCS model can be
applied to Egs. (53-56) in the same way as Eqs. (16-18).

Figure 10 shows the polarization dependence of the image intensities for NA 0.33 and NA 0.55. The mask pattern and
the optical setting for NA 0.33 are the same as in Fig. 3. For NA 0.55, the mask pattern has 9 nm horizontal spaces, and

the illumination setting is the dipole illumination DY 90 with Gin/Gou = 0.55/0.9. As shown in Fig. 10, the polarization
effect for NA 0.55 is much larger than that for NA 0.33.
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Fig. 10. Polarization dependence of the image intensities for NA 0.33 and NA 0.55.

4. OVERVIEW OF THE CNN MODEL FOR FAST EUV LITHOGRAPHY SIMULATION

In this section, we provide an overview of our CNN model for fast EUV lithography simulation. This model can be applied
to high-NA lithography simulations. Details of the model are given in Ref. 14. The diffraction amplitudes from an EUV



mask can be calculated rigorously by an EM simulation. However, the EM simulation is highly time-consuming and not
suited for full-chip OPC. Our CNN model reproduces the results of EM simulations quickly.

The diffraction momentum ¢ is discretized assuming a periodic mask pattern. When a mask pattern has period L (wafer
scale) in the x and y directions, the diffraction momentum from the mask is discretized as follows.

(a00y) = (2.2, 67)

LMy’ LMy

where / and m are diffraction orders (integers) in the x and y directions. In the 3D waveguide model* the source position
s is also discretized as follows.

2mly 2mm
(s = (B2, 2o ), (8)

where [; and m are integers. Then, the diffraction amplitude of the outgoing wave A, (I, m; l;, m,) = Af,el(qx, Qy; Sx» sy)
depends on the diffraction order (I, m) and the source position (I;, m,). The diffraction amplitude is divided into the thin
mask amplitude and the M3D amplitude as follows.

A,(Lm;l,mg) = AFT(L,m) + A3P(L,m; L5, my). (59)

The thin mask amplitude AET (I,m) is calculated from the Fourier transform of the mask pattern, which is the dominant
part of the total amplitude, and it does not depend on the source position (I, m,). On the other hand, the M3D amplitude
AP (1, m; I;, my) depends on the source position (g, m).

Figure 11 shows an example of the diffraction amplitude calculated by the 3D waveguide model. The source position and
the diffraction order are restricted by the source shape and the pupil shape as follows (see Fig. 2).

JE+mZ <NAZ (60)

JU+L)7+ n+m)? < NAZ . (61)

The contribution of the thin mask amplitude AE"(l,m ) is dominant. The M3D amplitude A3° (I, m; l;, m) smoothly
depends on the source position (I, m,), which is the basis of the STCC formula.
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Fig. 11 Decomposition of the diffraction amplitude.
We approximate the M3D amplitude by a linear function of source position as follows.
AP (L, m; L, my) = a, (L, m)ta,  (Lm) (Is + 1/2)+a,, (1, m) (ms +m/2), (62)

where a,(l,m) is the average of the amplitudes in the overlapping area (Fig. 2), and a, (I, m) and a,, ,(I, m) are the
slopes of the amplitudes in x and y directions, respectively. We call these three numbers M3D parameters. These values
are calculated by Eqgs. (50-52). The M3D parameters represent the M3D effects of an EUV mask. They are determined by
the mask pattern, absorber film structure, multilayer film structure, incident angle, and azimuthal angle. However, they do
not depend on the source shape and the aberration of the pupil including defocus.

Figure 12 shows a CNN in Ref. 14 that infers M3D parameters. The input mask pattern has 2048X2048 binary data. We
first convert them to 512X512 grayscale numbers by averaging the data. This is the input to CNN. Inside CNN we repeat
convolution, max pooling and batch normalization five times. After flattening, two dense layers are added before the output.

The inference by CNN was 2,400 times faster than the EM simulation. CNN inference time for M3D parameters was 0.05
s excluding the time for the loading of the trained models. The time for image intensity integration by STCC formula was
0.07 s. The total time was 0.12 s. The running time of CNN may not be fast enough for practical applications of OPC
because it requires multiple iterations of image intensity calculations before converging. In this case, we might skip CNN
calculations in the intermediate steps because the diffraction amplitude is dominated by the thin mask amplitude, which
can be calculated by the Fourier transformation of the mask pattern.

The training mask patterns in Ref. 14 were Manhattan patterns. The remaining issue is how to build a CNN that can be
applied to general mask patterns such as curvilinear patterns. We discuss this issue in the separate report.’



512X512
Conv2D 512X512X16
Max pooling 256X256X16
Batch normalization
Conv2D 256X256X32
Max pooling 128X128X32
Batch normalization
Conv2D 128X128X64
Max pooling 64X64X64
Batch normalization
‘ | M3D parameters Conv2D 64X64X128
Max pooling 32X32X128
Batch normalization
Conv2D 32X32X256
Max pooling 16X16X256
Batch normalization
Flatten 65536
Dense 4096
Dense 1901 or 1749

Input CNN Outputs

Fig. 12. CNN model infering M3D parameters from an input mask pattern.

It is not explicitly stated in Eq. (62), but the M3D parameters depend on the azimuthal angle ¢, which varies with the
position of the illumination slit. Several CNNs at different slit positions are required to reproduce the slit position
dependence of the M3D parameter.

As shown in Egs. (60-61), the number of (/, m) pairs depends on the periodic length, L. Usually, the mask pattern is not
periodic. The edges of the mask pattern need to be excluded after the simulation to avoid the influence of the neighboring
patterns (Fig. 13). The length of the exclusion region is estimated by the optical interaction range Rop defined by’

1.121
Rope = oNA "

(63)

When NA=0.33 and 6 = 0.5, Rop = 92 nm. The periodic length L must be larger than 2 X R,p,,. This is the reason we set L
= 512 nm. The exclusion region becomes larger when the illumination is more coherent, but it becomes smaller when the
NA is larger.

I R opt

- . s---F---

Usable
area

Fig. 13. Usable area and edge exclusion regions.



5. SUMMARY

The polarization effect depends on NA. The polarization effect for NA 0.55 is larger than that for NA 0.33. When the
electric field is in the meridional plane, the image contrast is low in high-NA optics.

The STCC formula is extended to include the polarization effect. An additional coherence function C, must be
introduced into the STCC formula. C, represents the effect of the electric field rotation in the meridional plane, which
depends on the polarization p = x ory. As a result, six TCCs (TCC,, TCCSX,, and TCCSY ) are required for high-NA
EUV lithography simulations.

The STCC formula expands the vector potential as a linear function of the source position. The coefficients of the linear
function are named as M3D parameters. The CNN model infers M3D parameters from an input mask pattern. The
inference by CNN is 2,400 times faster than the EM simulation.

The code is available at https://github.com/takahashi-edalab/EUVlitho.

APPENDIX: ACCURACY OF THE STCC FORMULA

In this appendix, the accuracy of the STCC formula is studied using several test patterns. Figures 14-16 show the results
for NA 0.33. The simple threshold model is used to calculate CDs. The polarization is X polarization. In the figures, EM
represents the electromagnetic simulation'* and FT represents the thin mask model using the Fourier transformation of
the mask pattern. The M3D parameters used in the STCC formula are calculated by the least square fitting to the EM
amplitudes. As shown in the figures, the agreement between the EM simulation and the STCC formula is very good.
Figures 17-19 show the results for NA 0.55. The agreement between the EM simulation and the STCC formula is good
for horizontal L/S and hole patterns. However, there are some discrepancies in the vertical L/S, especially in the 1:1 L/S.
The root cause of the discrepancies was found to be the linear approximation of the diffraction amplitude in the STCC
formula. Figure 20 compares the source position dependence of the 0" order diffraction amplitude,

Real (43P (0,0 5 Syr sy)), for vertical and horizontal L/S for NA 0.33 and NA 0.55. The diffraction amplitude of the
horizontal L/S depends mainly on the y direction. Since the chief ray at the mask is tilted in the y direction, the source
position dependence (deviation from the chief ray) of the amplitude can be approximated by a linear function. On the
other hand, the diffraction amplitude of the vertical L/S depends mainly on the x direction. At the center of the
illumination slit where the azimuthal angle is zero, the source-position dependence of the diffraction amplitude in the x
direction is quadratic. This effect becomes large for NA 0.55 because the maximum incident angle in the x direction is
large. The current STCC formula ignores the quadratic terms. For NA 0.55, when the mask pattern contains vertical
lines, the STCC formula needs to be expanded to include a quadratic term in the x direction.
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Fig. 14 CD-focus curves of vertical L/S with several pitches and line (or space) widths. The optical setting is NA 0.33
and the dipole illumination DX90 with Gin/Gou = 0.55/0.9.
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Fig. 15 CD-focus curves of horizontal L/S with several pitches and line (or space) widths. The optical setting is NA 0.33
and the dipole illumination DY90 with Gin/Gout = 0.55/0.9.
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Fig. 16 CD-focus curves of hole arrays with several pitches and hole sizes. The optical setting is NA 0.33 and the annular
illumination with Gin/Gou = 0.6/0.85.
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Fig. 17 CD-focus curves of vertical L/S with several pitches and line (or space) widths. The optical setting is NA 0.55
and the dipole illumination DX90 with Giy/Gouw = 0.55/0.9.

NA 0.55
Horilontil1:1 L/S (Line CD) Horizontal 1:3 L/S (Line CD) Horizontal 3:1 L/S (Space CD)
|~ 2: ’15
—EM
_’// —FT [
/‘& — —sTce A
E — — £ —EM
E 15 + = £ 15 + £15 4 T
o —F £ o
o —sTCC a 3] —sTCC
10 © 1 ’\ f
5 + 5 _\ 5 1
5 L ) | T | L e L
60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60 60 -10 40
Defocus (nm) Defocus (nm) Defocus (nm)

Fig. 18 CD-focus curves of horizontal L/S with several pitches and line (or space) widths. The optical setting is NA 0.55
and the dipole illumination DY90 with Gin/Gou = 0.55/0.9.
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Fig. 19 CD-focus curves of hole arrays with several pitches and hole sizes. The optical setting is NA 0.55 and the annular
illumination with Gin/Gou = 0.6/0.85.
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Fig. 20 Source position dependence of the 0™ order diffraction amplitudes for vertical and horizontal L/S for NA 0.33
and NA 0.55.

ACKNOWLEDGEMENTS

This work was partially supported by JSPS KAKENHI Grant Number JP25K03090, MEXT Initiative to Establish Next-
generation Novel Integrated Circuits Centers (X-NICS) Grant Number JPJ011438, and Japan Science and Technology
Agency (JST) as part of Adopting Sustainable Partnerships for Innovative Research Ecosystem (ASPIRE), Grant
Number JPMJAP2514. This study was carried out using the TSUBAME4.0 supercomputer at Institute of Science Tokyo.

REFERENCES

[1] V. Philipsen, “Mask is key to unlock full EUV potential,” Proc. SPIE 11609(2021).

[2] A. Erdmann, P. Evanschitzky, G. Bottiglieri, E. Setten and T. Fliervoet, “3D mask effects in high NA EUV
imaging,” Proc. SPIE 10957, 109570Z (2019).

[3] A. Wong and A. Neureuther, “Mask Topography Effects in Projection Printing of Phase-Shifting Masks,” IEEE
TRANSACTIONS ON ELECTRON DEVICES 41, 895(1994).

[4] M.G. Moharam and T.K. Gaylord, “Rigorous coupled-wave analysis of planar-grating diffraction,” J. Opt. Soc.
Am. 71,811(1981).

[5] K.D. Lucas, H. Tanabe and A.J. Strojwas, “Efficient and rigorous three-dimensional model for optical lithography
simulation,” J. Opt. Soc. Am. A 13, 2187(1996).

[6] N.B. Cobb, “Fast optical and process proximity correction algorithms for integrated circuit manufacturing,” Ph.D.
dissertation (University of California, Berkeley, 1998).

[71 H. H. Hopkins, “On the diffraction theory of optical images,” Proc. R. Soc. Lond. A 217, 408 (1953).

[8] M. Born and E. Wolf, “Principles of Optics,” Cambridge University Press, 7th Ed. 1999.

[91 A. Wong, “Resolution enhancement techniques in optical lithography,” SPIE Press (2001).



[10]H. Tanabe, A. Jinguji, A. Takahashi, "Accelerating extreme ultraviolet lithography simulation with weakly
guiding approximation and source position dependent transmission cross coefficient formula," J.
Micro/Nanopattern. Mats. Metro. 23, 014201(2024).

[11]J.G. Santaclara et al., “High NA EUV introduction at the customer,” Proc. SPIE 12953, 129530P (2024).

[12]M.S. Yeung, “Modeling high numerical aperture optical lithography,” Proc. SPIE 922, 149 (1988).

[13]D.G. Flagello, T. Milster and A.E. Rosenbluth, “Theory of high-NA imaging in homogeneous thin films,” J. Opt.
Soc. Am. A 13, 53(1996).

[14]H. Tanabe, M. Shimoda, and A. Takahashi, “Rigorous electromagnetic simulator for extreme ultraviolet
lithography and convolutional neural network reproducing electromagnetic simulations,” J. Micro/Nanopattern.
Mater. Metro. 24, 024201(2025).

[15]H. Tanabe, A. Jinguji and A. Takahashi, “Weakly guiding approximation of three-dimensional waveguide model
for extreme ultraviolet lithography simulation,” J. Opt. Soc. Am. A 41, 1491(2024).

[16]D. Gloge, “Weakly guiding fibers,” Applied Optics 10, 2252(1971).

[17]S. Lin, C. Lee, Y. Chen, et al., “EUV APSM mask prospects and challenges,” Proc. SPIE 12751, 127510N (2023).

[18]B. Richards and E. Wolf, “Electromagnetic diffraction in optical systems. II. structure of the image field in an
aplanatic system,” Proc. R. Soc. Lond. A 253, 358(1959).

[191Y-J Chae et al., “Pixelated source polarization optimization for hyper-NA EUV lithography”, Proc. SPIE 13686,
136861F (2025).

[20]M. Sugiyama, M. Shimoda, H. Tanabe, and A. Takahashi, “EUV M3D parameter inference of curvilinear mask
patterns by convolutional neural networks,” to be published in Proc. SPIE 13980.



