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Hiroyoshi Tanabe,* Moe Sugiyama, Masayuki Shimoda®, and Atsushi Takahashi
Institute of Science Tokyo, Meguro-ku, Japan

ABSTRACT. Background: Hopkins’ transmission cross coefficient (TCC) formula is convention-
ally used in optical lithography simulations. In extreme ultraviolet (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 source-position-
dependent TCC (STCC) formula, which used three TCCs (TCC, TCCSX, and
TCCSY) to represent the source-position dependence of the M3D effect.

Aim: The polarization effect is not negligible in high-NA EUV lithography. The pur-
pose of this work is to extend the STCC formula to include the polarization effect and
enable accurate and fast simulation of polarization-dependent imaging in high-NA
EUV lithography.

Approach: 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 or y.

Results: Six TCCs (TCC,, TCCSX,, and TCCSY ) are required to include both the
polarization and M3D effects in the STCC formula. For mask patterns with vertical
lines, 18 TCCs are required.

Conclusions: The STCC formula is extended for high-NA EUV lithography simu-
lations. The STCC formula is the basis of our convolutional neural network model,
which accelerates EUV lithography simulations.
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Keywords: lithography simulation; neural network; EUV mask

Paper 25109SS received Oct. 23, 2025; revised Mar. 19, 2026; accepted Apr. 8, 2026; published May
4, 2026.

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. 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 nontele-
centricity, which result in the critical dimension (CD) error and edge placement error."> M3D
effects are caused by the distorted diffraction amplitude from a thick EUV mask (Fig. 1). Both the
near-field and far-field diffraction amplitudes can be calculated rigorously using electromagnetic
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Fig. 1 (a) Near-field and far-field diffraction amplitudes from an EUV mask. (b) Incident angle
dependence of the near-field amplitude.

(EM) simulators.>™ These calculations are highly time-consuming and not suited for optical
proximity correction (OPC) applications.

In optical lithography simulations, the sum of coherent systems (SOCS) model® is often
employed for OPC applications 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. In this model, the
far-field diffraction amplitude is the Fourier transform of the mask pattern M¥T(q), which is a
function of the diffraction momentum (or wave vector) g. The diffraction momentum has a dis-
crete value (diffraction order) assuming a periodic mask pattern. The diffraction amplitude of the
thin mask model, M (g) does not depend on the source position (or incident angle) s. However,
as shown in Fig. 1, the far-field diffraction amplitude from an EUV mask (thick mask), E(q;s)
depends on both g and s. Therefore, the TCC formula cannot be used for EUV lithography sim-
ulations, as explained in Sec. 2.

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) for-
mula 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 that predicts M3D parameters from an input mask pattern.
The CNN prediction was 2400 times faster than the EM simulation.''

In the previous paper, we assumed that the NA of EUV optics was 0.33. Recently, high-NA
(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.

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 accuracy of the STCC formula is verified. In Sec. 5, the CNN
model for fast EUV lithography simulation is explained. Section 6 is the summary.

2 STCC Formula Including the M3D Effects
This section is the review of the STCC formula in Ref. 10.

J. Micro/Nanopattern. Mater. Metrol. 031604-2 Jul-Sep 2026 ¢ Vol. 25(3)



Tanabe et al.: Source-position-dependent transmission cross coefficient formula. ..

In optical lithography, the image intensity /(x) on a wafer is calculated using Abbe’s theory

as follows.
¥ :// 5e) // MIT(q)P(q -+ )ei00et Mg s M

where S and P represent the effective source and the pupil function of the projection optics. M,
and M, are the magnifications of the mask in the x and y directions. The Fourier transform of the

mask pattern M*7(¢) is a function of the diffraction momentum ¢ = (g, g,,0), but it does not
depend on the source position s = (s,, sy, 0).

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 inci-
dent angle). This formula can also be derived by changing the order of the integrations in Eq. (1)
as follows,

) = [[ rec@a @M (g)em e masivagag. @

TCC(q;q") // P(q+s)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 using the SOCS model.® The
SOCS model decomposes the TCC into a set of eigenvalues 4,, and eigenvectors ¢,, as follows:

TCC(q:q) szqﬁm IACRE “)

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

x) = Zﬂm

The computation of the SOCS model becomes extremely fast by selecting large eigenvalues,
which gives dominant contributions to the image intensity.

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:
x) = //S s

As the far-field electric amplitude E(g;s) depends on the source position s, the order of the
integration in Eq. (6) cannot be changed. Therefore, Hopkins® 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,

2
(q)MFT(q)ei(M"q”x + Myqy)’)dq . ()

2
E(q;s)P(q+S)ei(quxx+M_vq)’y)dq ds. (6)

E(q;s) = E(q) + 05 E(q)(s. + q./2) + 05 E(q)(s, + 4,/2). )
where
E(q) = E(q:s = —q/2), ®)
oE(q;s
0,Eq) = Z& ©)
055 ls=—qp2
oE(q;s
0,Eg) = ZE (10)
' Sy ls=—q/2
The origin of the linear expansion in Eq. (7) is s = —¢/2. This position is the center of the over-

lapping area of the effective source S(s) and the pupil P(gq + s), assuming the effective source
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Fig. 2 Far-field amplitude in the overlapping area of the effective source and the pupil.

size 0 = 1 (see Fig. 2). Only the overlapping area contributes to the image intensity integration
in Eq. (6).
Inserting Eq. (7) into Eq. (6) we obtain,

o ff o

% ei(quxerM,qu)dq‘ ds. (11)

q) + 05 E(q)(s: + qx/2) + 0, E(q) (s, + 4,/2))P(g + 5)

By changing the order of the integrations, this equation can be decomposed as follows,
)= / / TCC(q:q")E(q) - E(g') ™ a0t iM{a,4a:)dg dg
+2Re{ [ recasarB@) - @,B@)ai/2 0, Bl@)ay 2y e i it g }
+2Re{ / / TCCSX(q;q")E(q) - 9, E(q')* e™:(0:-a0x+iM(0,=a:)y dg dq’}

+2Re{// TCCSY(q:9")E(q) - 0, E(q")"e iM(q:=q0)+iM,(4,-4)y dg dg’ }

(12)
where TCC, TCCSX, and TCCSY are defined by the following equations,
TCC(q;q") // P(qg+s)P*(q’ +s)ds, (13)
reesx(aa) = [[ S0P+ 9P @ +s)as (14
TCCSY(q;q9') = // 5,S(s)P(q +s)P*(q’ +s)ds. (15)

The quadratic terms of s, and s, 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 TCC,
TCCSX, and TCCSY. Then, three TCCs are written as

TCC(g:q") Zanwn ACRE (16)

TCCSX(q:q") Zﬁqﬁn )i (q"). (17)
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Fig. 3 Image intensities calculated by Abbe’s theory and STCC formula.

TCCSY(g:4") = Y rava(@vi(q"), (18)

where a,,, 3,7, are eigenvalues and ¢, ¢,,y, 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 using the 3D waveguide model in Ref. 11.
The mask pattern has 14 nm vertical spaces. The optical setting is NA 0.33, and the dipole illu-
mination is DX90 with 6, /64, = 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.

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. 2, there remain
nonlinear terms in the source-position dependence of diffraction amplitudes. The contribution
of the nonlinear terms will be discussed in Sec. 4.

To obtain the results of the STCC formula in Fig. 3, the SOCS model was not applied, and
Eq. (12) was used straightforwardly. Although detailed investigations have not yet been per-
formed, when the SOCS model was used, good accuracy was obtained using 100 eigenmodes
for TCC and 20 eigenmodes for TCCSX and TCCSY.

3 STCC Formula Including the 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 deg-
radation of the image contrast on the wafer. As shown in Fig. 4, when the electric field is in the
meridional plane, i.e., in the case of transverse magnetic (TM) wave, the image contrast becomes
low in high-NA optics.

3.1 Representation of the 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,, and E_ is set to zero, assuming the light is traveling in the z

Electric field in the Electric field in the
sagittal plane (TE) meridional plane (TM)
EI
E’ E’
E’
Wafer

High Low /\/\/\/
contrast contrast

Fig. 4 Image contrast difference between two polarizations.
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Jones vector Vector potential

X polarization Y polarization

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.

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 =(A,,0,0), 21)
1A,
E = < (k* — k2, —kyky, =k k). (22)
Y polarization:
A =(0.4,.0), (23)
iA,
E = —>(=k.k,, k> = k2, —k k). (24)

k

The z component of the vector potential A, can be fixed to zero by the gauge transforma-
tion.'> The vector-potential representation of polarization has two degrees of freedom.

3.2 Polarization Changes at the 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 polariza-
tion, 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 decou-
ples the two polarizations. This approximation can be applied 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.

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).

J. Micro/Nanopattern. Mater. Metrol. 031604-6 Jul-Sep 2026 ¢ Vol. 25(3)
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Fig. 6 Polarization changes and the comparison between the vector and scalar models.
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Fig. 7 Rotation of the electric field inside the projection optics in the meridional plane.

The accuracy of the approximation deteriorated when the low-n absorber was used. The low-n
absorber is still under development, and the mask process has not yet been established.'’
Development of the low-n absorber mask is still progressing.'® When the development is com-
pleted, the polarization change at the EUV mask will need to be reconsidered.

Note that the weakly guiding approximation could not be used for ArF lithography simu-
lations, where the refractive indices of the membranes are much larger than that of the air.

3.3 Rotation of the Electric Field Inside the Projection Optics

According to Ref. 19, the electric field in the meridional plane rotates inside the projection optics.
On the other hand, the direction of the electric field in the sagittal plane does not change, as
shown in Fig. 7. In the figure, e, (es) and e;, (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, s, is the momentum of the chief ray at the mask defined by

SO = <S0x, sOy’ —\/k2 - (Sox)z - (Soy)z) 5 (25)
Sox = k sin 0 sin ¢, (26)
Soy = k sin 0 cos @, 27

where 6 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 mask is p + sy, and p =g +s =
(Px. Py» 0) represents the position at the entrance pupil. With these definitions, the sagittal unit
vector ey 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,

ee — (p+s9) X5y _ pXsg
s = = .
|(p +50) XS0| [P X5

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

(28)

J. Micro/Nanopattern. Mater. Metrol. 031604-7 Jul-Sep 2026 ¢ Vol. 25(3)



Tanabe et al.: Source-position-dependent transmission cross coefficient formula. . .

Meridional
plane

Meridional

plane

Fig. 8 Outgoing wave at the mask and incoming wave at the wafer.

(P +50)
ey = eg X . 29
M e Xl (29)
The incoming momentum at the wafer p’ is related to p by the following equation,
pl = <Mxva Mypy’ _\/k2 - (Mxpx)z - (Mypy)2> . (30)

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

p'xe
- , 31
S xel D
i
el, :egxl%, (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 - e5)es+ (E - ey )ey,. (33)
Equation (33) is rewritten as a matrix equation as follows,
E’' =RE, (34)
where R is a rotation matrix defined by
Ras(P) = €5.4P)esp(P) +epaP)ensPp) @.fp = x.y. 2. 35)

3.4 Coherence Function

The electric field rotates inside the projection optics from E to E’' = RE. Then, according to
Abbe’s theory, the image intensity on the wafer is written as follows,

L@ = [ 56

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 3 X 3 matrices due to the rotation matrix
R. This can be avoided by changing the variable from the electric field to the vector potential.
From Egq. (19), the electric field at the mask E,, is written in terms of the vector potential A, as
follows,

// R(q+5)E,(g:5)P(q +s)e'Mex+Ma)dg “as, (36)

J. Micro/Nanopattern. Mater. Metrol. 031604-8 Jul-Sep 2026 ¢ Vol. 25(3)
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E,(ais) = ik, (azs) - i— 2 L0k, G7)
where
k= P50 (38)
P + 50|
As the unit vectors eg and e,; are perpendicular to the momentum p + s,
es-k=ey -k=0. 39)
Therefore,
Rk =0, (40)
and
RE,(q;s) = ikRA,(g:s). 1)

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

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

1
Ax(q;8) = ——=—=(A%'(¢:5),0.,0), 42)
k? — 52
1
Ay(g:s) = ———=(0.A%(g:5).0), 43)
k2 _ S2

y

where A%!(g;s) and A% (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. These
values are calculated by the waveguide model."!

The factor 1 / \ K- sf, 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%ﬂ“) 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,(s)]? = KA, (s)* = Is - A, (s)]” = (K = 57)|A,,(s)]> = 1. 45)

Therefore, the normalization factor is 1/4/k* — s . When there are N source points, the total

image intensity will be divided by N after the simulation.
Inserting Eqgs. (41)—(43) into Eq. (36) we obtain,

// P(g+s)P*(q' +5)C,(q" +s:9+ s)

A rel (q; s)Arel* (q';5)e i(M(qx—q0)x + M, (q,-47)) 4 dgdq’, (46)

k2 2

p
where C, is a coherence function defined by

C,(p"sp) = (R"(p")R(p)),, = €5(p") - €5(p)es,(p')es,(p) + €y (') - €11 (P)er,, (P )em, (p)-
(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’ = —p. As shown in the figure, the values
of the coherence functions become small (coherent losses become large) when the following two

J. Micro/Nanopattern. Mater. Metrol. 031604-9 Jul-Sep 2026 ¢ Vol. 25(3)
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Fig. 9 Examples of coherence functions for NA 0.33 and NA 0.55.

conditions are satisfied: a) the direction of the incoming waves is parallel to the polarization
(i.e., polarization in the meridional plane) and b) the incident angle (p, or p,) is large. This
effect becomes large for high-NA optics.

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,
the diffraction amplitude from the EUV mask becomes the weighted sum of the two polarizations
as follows:

E(q:s) = \/Sx(s)Ex(q:s) + \/Sy(s)e"OEy(q;s), (48)

where ¢(s) is the phase delay between the X and Y polarizations. Then, Eq. (36) is rewritten as
follows,

16)= [f| [ Ra){ VEGIEx i)+ V5 1 By as) b oy manag

=1X<x>+1y<x)+2Re{ / / /S5 (55, ()e 0 Pq+5)P* (' +5) (R™(g'+5)R(q+5)),

2
ds

2
Xt AP () AT <q';s>ei<Mx(qX-qi>x+My<qy-qﬁ>y>dsdqdq’}. (49)
(=52 (K =5))

3.5 STCC Formula Including the Polarization Effect

The vector potential is expanded as a linear function of the source position, as shown in Eq. (7),
as follows,

AN g;s) 2 A,(q) + 05, A, (q) (55 +q./2) + 05 A, () (sy +qy/2), (50)
where
A,(q) = AF(g;s = —q/2), (51)
aArel (q;s)
0, A,(q) =~ , (52)
X P asx s:_q/2
aAmlqm
9, A)(q) = % : (53)
’ Sy ls=—gy2

Inserting Eq. (50) into Eq. (46) and neglecting the second-order terms of s, and s,, we obtain,
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x) g// TCC,(q:q")A,(q)A}(q")e™: (@:=a:)x+My(4,-4,)) dg dg’

/
+2Re{ // TCC,(q:9")A,(q >(a%A;:< L 10,450 >‘§) 0 (0,a0)3+ M, 0,200 dg dg }
+2Re{// TCCSX,(q:9")A,(q)0; Aj(g’)e'M:(a:-ax+M,(a5=0:))dg dg’ }

+2Re // TCCSY,(q:9")A,(q)9; A;(q")e’ el (M (q=al)x+M,(ay=g;)y dqdq}

(54)
where
kZ

TCC,(q:q') // P(g+s P*(q’—i—s)Cp(q'-l—s;q—i-s)st, (55)

o

k2
TCCSX,(q:q") = // 5:S,(8)P(q+s)P*(q' +5)C,(q' +s:q+5) R ds, (56)

P

2

TCCSY,(q:q") //s S, q+s)P*(q’+s)C,,(q’+s;q+s)kzk—_szds. (57)
P

Equations (54)—(57) represent the STCC formula including the polarization effect. The coher-

ence 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. As the six TCCs are Hermitian matrices, the SOCS model can be applied to Egs. (55)—(57)

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. STCC formula, Eq. (54) was used for calculations. 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 DY90 with 6, /6, = 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.

4 Accuracy of the STCC Formula

In this section, the accuracy of the STCC formula is studied using several test patterns.
Figures 11-13 show the results for NA 0.33. The simple threshold model is used to calculate
CDs. The polarization is X polarization. Although it is not shown in the figures, similar results
were obtained for Y polarization.

In the figures, EM represents the electromagnetic simulation'!' using Abbe’s theory, Eq. (36).
FT represents the thin mask model using the Fourier transformation of the mask pattern. The

Mask X polarization Y polarization Difference

0.10
0.08
0.06

MAX 3.3% 004

NA 0.33 0.02
||| MIN-3.7% 0.00

i ' RMS 1.4% ||| [|-00

n} ” | e

—0.08

-0.10

0.10

0.08
0.06

—MAX 10.8% 004
MIN-=8.1% b
=RMS- 2.0%— H-o02

= o 004

—-0.06
—-0.08
-0.10

Fig. 10 Polarization dependence of the image intensities for NA 0.33 and NA 0.55.
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Fig. 11 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 is DX90 with 6;,/60, = 0.55/0.9.

NA 0.33
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Fig. 12 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 is DY90 with 6;,/c0, = 0.55/0.9.

NA 0.33
Hole array Hole:Pitch =1:2 Hole array Hole:Pitch = 1:4
66 66
/_—59’:_§ 56
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/’;;_\ " _x
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Fig. 13 CD-focus curves of hole arrays with several pitches and hole sizes. The optical setting is
NA 0.33, and the annular illumination with 6;,/64,; = 0.6/0.85.

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 14—16 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 dis-
crepancies in the vertical L/S, especially the 1:1 L/S.
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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 0.55, and the dipole illumination is DX90 with 6;,/00, = 0.55/0.9.

NA 0.55
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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 0.55, and the dipole illumination is DY90 with 6;,/00, = 0.55/0.9.

NA 0.55
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Fig. 16 CD-focus curves of hole arrays with several pitches and hole sizes. The optical setting is
NA 0.55, and the annular illumination with ¢;,/oo, = 0.6/0.85.

The root cause of the discrepancies was found to be the linear approximation of the dif-
fraction amplitude in the STCC formula. Figure 17 compares the source position dependence
of the Oth order diffraction amplitude, Real(A3°(0,0;s,. s, )), 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. As 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
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Real (43P (0,0; sy, 5))

Vertical 1:1 L/S Horizontal 1:1 L/S

0.083 0.083

0.30

0.26
} 0. 000 0.23

NA 0.33 DY
0.19
0.15
0.11
—0. 083 -0. 083 0.08

-0.083 0. 000 0.083 -0.083 0.000 0.083 0.04
s/k 0.00
sk -0.04
0. 069 0.069

—0.08
-0.11
-0.15
-0.19
-0.22
-0.26
-0.30

= 0.000—
>

~0.069 ; . -0.069 ’
-0.138 0.000 0.138 -0.138 0.000

s/k s/k

Fig. 17 Source position dependence of the 0th order diffraction amplitudes for vertical and hori-
zontal L/S for NA 0.33 and NA 0.55.

0.138

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 STCC formula in Sec. 4
ignores the quadratic terms. For NA (.55, when the mask pattern contains vertical lines, the
STCC formula needs to be extended to include a quadratic term in the x direction.

The linear expansion of the vector potential in Eq. (50) is extended by including the quad-
ratic term in the x direction as follows,

A;el (q:8) = Ap (q) + as,(Ap (q)sx+ angp (q)s)zc + asyAp (q)sy (58)
The origin of the expansion is s = 0. In Eq. (54), we set the origin of the expansion ats = —¢/2 and

ignored the second-order terms of s, and s,. However, when the quadratic term is added, it is better
to set the origin at s = 0 and calculate all terms. Then, the STCC formula is written as follows:

I(x)= // TCCp(q;q’)Ap(q)A;(q’)ei(Mx(qx—qi)HMy(q,—qu)dqdqf
—I—// TCCSXZYOp(q;q/)asxAp(q)asXA;(q’)ei(Mx(qx—qu+My(qy—q§)y)dqdql
-I-// TCCSX4YOp(q;q’)a%xAp(q)aiA;(q’)ei(Mx(qx—qx')X+My(qy—q§)y)dqdql
+// TCCSXOYZP(q;q’)asyAp(q)asyA;(q’)ei(Mx(qx—q;)HMy(qy—q§)y)dqdq

—|—2Re{// TCCSX1Y0,(q:9")A,(q)0,,A(q") e/Mla—a)x+ My (a,=4)y) dg dg’

—

// TCCSX2Y0,(q:9")A, (q)ang; (g")e/M(a:—a0)x+M,(a9-4,)¥) dg dg’

— ——

TCCSXOYlp(q;q/)Ap(‘I)asyA;‘,(q’)ei(Mx(qx—qx’)x+My(qy—q§)y)dq dg’
}
}

+2Re{ / / TCCSX2Y lp(q;q’)aiAp(q)asyA;(q’)e’Wx(%—qD"+My<q«v-%’>”dqdq’}, (59)

g &

+2Re TCCSX1Y1,(q:q")9,,A,(q)0, A}(q")e’M: 0=+ M, (001 dg

// TCCSX3YOp(q;q’)aSXAp(q)ang;; (q')ei(Mx(qx—qi)x+My(qy-q§)y)dq
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Fig. 18 CD-focus curves of vertical L/S with several pitches and line (or space) widths. The quad-
ratic term is included in the STCC formula. The optical setting is NA 0.55, and the dipole illumi-
nation is DX90 with 6,/64, = 0.55/0.9.

where

- P J . k*
TCCSXiYj,(q:q") = // 5.538,(s)P(q+s)P*(q+5)C,(q +s;q+s)mds. (60)
P

In total, 18 TCCs appear in Eq. (59). Figure 18 shows the results of the calculations using the STCC
formula in Eq. (59). The agreement between the EM simulation and the STCC formula becomes
much better than the results in Fig. 14.

5 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. 11. The diffraction amplitudes from an EUV mask can be calculated rigorously by the EM
simulation. However, the EM simulation is highly time-consuming and not suited for OPC appli-
cations. 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,

27xl 2ﬂm)’ 1)

(qx’Qy) = (L—MXL_MV

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,

2xl, 2mm
— s S 2
(555 5y) (—LMX’ LMy>’ (62)

where [, and m are integers. Then, the diffraction amplitude of the outgoing wave
A(Lm;lg,mg) = Af,"'l(qx, Gy Sy sy) depends on the diffraction order (/, m) and the source posi-
tion (/,, my). The diffraction amplitude is divided into the thin mask amplitude and the M3D
amplitude as follows.

A, (Lm; 1, my) :AET(l, m)—i—AE,D(l,m;ls,ms). (63)

The thin mask amplitude AET(I ,m) is calculated from the Fourier transform of the mask pattern,
and it does not depend on the source position (/,, m,). On the other hand, the M3D amplitude
ASP(1,m; I, mg) depends on the source position (I, my).

Figure 19 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).
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Fig. 19 Decomposition of the diffraction amplitude.

L
VA mg < NA=, (64)

VL) 4 (m ot m,)? SNA%. (65)

The contribution of the thin mask amplitude AET(Z,m) is dominant. The M3D amplitude
ASP(1,m; 1, mg) smoothly depends on the source position (I, m;), which is the basis of the
STCC formula.

We approximate the M3D amplitude by a linear function of source position as follows,

AP (L m; g, mg) = a,o(l,m)+a, (Lm)(l;+1/2) +a, (I, m)(m; +m/2), (66)

where a, (1, 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 Egs. (51)—(53). The M3D param-
eters 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 20 shows a CNN in Ref. 11 that predicts M3D parameters. The input mask pattern has
2048 x 2048 binary data. We first convert them to 512 X 512 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 2400 times faster than the EM simulation. The 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 the 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

512X512
Conv2D 512X512X16
Max pooling 256X256X16

Batch normalization
Conv2D 256X256X32
Max pooling 128X128X32
Batch normalization
Conv2D 128X128X64
Max pooling 64X64X64

Outputs

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

Fig. 20 CNN model predicting M3D parameters from an input mask pattern.
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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 domi-
nated by the thin mask amplitude, which can be calculated by the Fourier transformation of the
mask pattern.

The training mask patterns in Ref. 11 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 a separate report.”!

It is not explicitly stated in Eq. (66), 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. (64) and (65), the number of (I, m) pairs depends on the periodic length, L.
Usually, the mask pattern of a product 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. 21). The
length of the exclusion region is estimated by the optical interaction range R, defined by’

1.124
P T ONA

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

(67)

6 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 or y. As a result,
six TCCs (TCC,, TCCSX,, and TCCSY ) are required to include the polarization effects in the
STCC formula. For mask patterns including vertical lines, 18 TCCs are required.

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 2400 times faster than the
EM simulation.

This work is based on the paper presented at SPIE Advanced Lithography + Patterning 2026.%>
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Code and Data Availability

The code is available at https://github.com/takahashi-edalab/EUVIitho. All the data can be shared
by the authors upon reasonable request.
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