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RESEARCH PAPER

Source-position-dependent transmission
cross coefficient formula including polarization

and mask three-dimensional effects
in high-numerical-aperture extreme

ultraviolet lithography
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 Cρ

must be introduced into the STCC formula. Cρ represents the effect of the electric
field rotation in the meridional plane, which depends on the polarization ρ ¼ x or y .

Results: Six TCCs (TCCρ, TCCSXρ, and TCCSYρ) 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.

© The Authors. Published by SPIE under a Creative Commons Attribution 4.0 International License.
Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JMM.25.3.031604]
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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.1,2 M3D
effects are caused by the distorted diffraction amplitude from a thick EUVmask (Fig. 1). Both the
near-field and far-field diffraction amplitudes can be calculated rigorously using electromagnetic
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(EM) simulators.3–5 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) model6 is often
employed for OPC applications to accelerate the computation. The SOCS model decomposes
Hopkins’ transmission cross coefficient7,8 (TCC) into a set of eigenvalues and eigenvectors. The
TCC formula is equivalent to Abbe’s theory,9 assuming the thin mask model. In this model, the
far-field diffraction amplitude is the Fourier transform of the mask pattern MFTðqÞ, which is a
function of the diffraction momentum (or wave vector) q. The diffraction momentum has a dis-
crete value (diffraction order) assuming a periodic mask pattern. The diffraction amplitude of the
thin mask model,MFTðqÞ 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), Eðq; sÞ
depends on both q and s. Therefore, the TCC formula cannot be used for EUV lithography sim-
ulations, as explained in Sec. 2.

In our previous paper,10 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.11

In the previous paper, we assumed that the NA of EUVoptics was 0.33. Recently, high-NA
(NA 0.55) EUV scanners have been installed at several sites.12 The polarization effect is large
in high-NA optics, and several models13,14 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.

Fig. 1 (a) Near-field and far-field diffraction amplitudes from an EUV mask. (b) Incident angle
dependence of the near-field amplitude.
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In optical lithography, the image intensity IðxÞ on a wafer is calculated using Abbe’s theory
as follows.

EQ-TARGET;temp:intralink-;e001;117;712IðxÞ ¼
ZZ

SðsÞ
����
ZZ

MFTðqÞPðqþ sÞeiðMxqx þMyqyyÞdq
����
2

ds; (1)

where S and P represent the effective source and the pupil function of the projection optics. Mx

andMy are the magnifications of the mask in the x and y directions. The Fourier transform of the
mask pattern MFTðqÞ is a function of the diffraction momentum q ¼ ðqx; qy; 0Þ, but it does not
depend on the source position s ¼ ðsx; sy; 0Þ.

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,

EQ-TARGET;temp:intralink-;e002;117;578IðxÞ ¼
ZZ

TCCðq; q 0ÞMFTðqÞMFT�ðq 0ÞeiMxðqx−q 0
xÞxþ iMyðqy−q 0

yÞydq dq 0; (2)

EQ-TARGET;temp:intralink-;e003;117;530TCCðq; q 0Þ ¼
ZZ

SðsÞPðqþ sÞP�ðq 0 þ sÞds: (3)

The TCC does not depend on the mask patternM. 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.6 The
SOCS model decomposes the TCC into a set of eigenvalues λm and eigenvectors ϕm as follows:

EQ-TARGET;temp:intralink-;e004;117;465TCCðq; q 0Þ ¼
X
m

λmϕmðqÞϕ�
mðq 0Þ: (4)

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

EQ-TARGET;temp:intralink-;e005;117;418IðxÞ ¼
X
m

λm

����
ZZ

ϕmðqÞMFTðqÞeiðMxqxxþMyqyyÞdq
����
2

: (5)

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 MFTðqÞ in Eq. (1) is replaced by the far-field electric amplitude
Eðq; sÞ as follows:

EQ-TARGET;temp:intralink-;e006;117;319IðxÞ ¼
ZZ

SðsÞ
����
ZZ

Eðq; sÞPðqþ sÞeiðMxqxxþMyqyyÞdq
����
2

ds: (6)

As the far-field electric amplitude Eðq; sÞ 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 Eðq; sÞ 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 Eðq; sÞ as a linear function of the source position s as follows,

EQ-TARGET;temp:intralink-;e007;117;209Eðq; sÞ ≅ EðqÞþ ∂sxEðqÞðsx þ qx=2Þþ ∂syEðqÞðsy þ qy=2Þ; (7)

where

EQ-TARGET;temp:intralink-;e008;117;172EðqÞ ¼ Eðq; s ¼ −q=2Þ; (8)

EQ-TARGET;temp:intralink-;e009;117;137∂sxEðqÞ ¼
∂Eðq; sÞ
∂sx

����
s¼−q=2

; (9)

EQ-TARGET;temp:intralink-;e010;117;104∂syEðqÞ ¼
∂Eðq; sÞ
∂sy

����
s¼−q=2

: (10)

The origin of the linear expansion in Eq. (7) is s ¼ −q=2. This position is the center of the over-
lapping area of the effective source SðsÞ and the pupil Pðqþ sÞ, assuming the effective source
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size σ ¼ 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,
EQ-TARGET;temp:intralink-;e011;114;500

IðxÞ ≅
ZZ

SðsÞ
����
ZZ

ðEðqÞþ ∂sxEðqÞðsx þ qx=2Þþ ∂syEðqÞðsy þ qy=2ÞÞPðqþ sÞ

× eiðMxqxxþMyqyyÞdq
����
2

ds: (11)

By changing the order of the integrations, this equation can be decomposed as follows,

EQ-TARGET;temp:intralink-;e012;114;421IðxÞ ≅
ZZ

TCCðq;q 0ÞEðqÞ · Eðq 0Þ�eiMxðqx−q 0
xÞxþ iMyðqy−q 0

yÞydqdq

þ2Re

�ZZ
TCCðq;q 0ÞEðqÞ · ð∂sxEðq 0Þq 0

x=2þ∂syEðq 0Þq 0
y=2Þ�eiMxðqx−q 0

xÞxþ iMyðqy−q 0
yÞydqdq 0

�

þ2Re

�ZZ
TCCSXðq;q 0ÞEðqÞ · ∂sxEðq 0Þ�eiMxðqx−q 0

xÞxþ iMyðqy−q 0
yÞydqdq 0

�

þ2Re

�ZZ
TCCSYðq;q 0ÞEðqÞ · ∂syEðq 0Þ�eiMxðqx−q 0

xÞþ iMyðqy−q 0
yÞydq dq 0

�
;

(12)

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

EQ-TARGET;temp:intralink-;e013;114;271TCCðq; q 0Þ ¼
ZZ

SðsÞPðqþ sÞP�ðq 0 þ sÞds; (13)

EQ-TARGET;temp:intralink-;e014;114;224TCCSXðq; q 0Þ ¼
ZZ

sxSðsÞPðqþ sÞP�ðq 0 þ sÞds; (14)

EQ-TARGET;temp:intralink-;e015;114;194TCCSYðq; q 0Þ ¼
ZZ

sySðsÞPðqþ sÞP�ðq 0 þ sÞds: (15)

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

EQ-TARGET;temp:intralink-;e016;114;127TCCðq; q 0Þ ¼
X
n

αnφnðqÞφ�
nðq 0Þ; (16)

EQ-TARGET;temp:intralink-;e017;114;81TCCSXðq; q 0Þ ¼
X
n

βnϕnðqÞϕ�
nðq 0Þ; (17)

Fig. 2 Far-field amplitude in the overlapping area of the effective source and the pupil.
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EQ-TARGET;temp:intralink-;e018;117;591TCCSYðq; q 0Þ ¼
X
n

γnψnðqÞψ�
nðq 0Þ; (18)

where αn; βn; γn are eigenvalues and φn;ϕn;ψn are eigenvectors.
Figure 3 compares the image intensities calculated by Abbe’s theory and the STCC formula.

The far-field electric amplitude Eðq; sÞ 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 σin=σout ¼ 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 EUVoptics 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 Ex and Ey, and Ez is set to zero, assuming the light is traveling in the z

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

Fig. 4 Image contrast difference between two polarizations.
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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,

EQ-TARGET;temp:intralink-;e019;114;485E ¼ ikA −
i

k
ðk · AÞk; (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,

EQ-TARGET;temp:intralink-;e020;114;427E · k ¼ 0: (20)

The vector-potential representation has two polarizations.
X polarization:

EQ-TARGET;temp:intralink-;e021;114;379A ¼ ðAx; 0; 0Þ; (21)

EQ-TARGET;temp:intralink-;e022;114;343E ¼ iAx

k
ðk2 − k2x;−kykx;−kzkxÞ: (22)

Y polarization:

EQ-TARGET;temp:intralink-;e023;114;314A ¼ ð0; Ay; 0Þ; (23)

EQ-TARGET;temp:intralink-;e024;114;278E ¼ iAy

k
ð−kxky; k2 − k2y;−kzkyÞ: (24)

The z component of the vector potential Az can be fixed to zero by the gauge transforma-
tion.15 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 EUVabsorber 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 approximation16 is often used, which decou-
ples the two polarizations. This approximation can be applied to EUV lithography.15 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 TP117 was used. The complex refractive index of the TP1 absorber is (0.91, 0.032).

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.
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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.17

Development of the low-n absorber mask is still progressing.18 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, eM (eS) and e 0M (e 0S) 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, s0 is the momentum of the chief ray at the mask defined by

EQ-TARGET;temp:intralink-;e025;117;268s0 ¼
�
s0x; s0y;−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − ðs0xÞ2 − ðs0yÞ2

q �
; (25)

EQ-TARGET;temp:intralink-;e026;117;219s0x ¼ k sin θ sin φ; (26)

EQ-TARGET;temp:intralink-;e027;117;201s0y ¼ k sin θ cos φ; (27)

where θ and φ 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 pþ s0, and p ¼ qþ s ¼
ðpx; py; 0Þ represents the position at the entrance pupil. With these definitions, the sagittal unit
vector eS at the mask, which is perpendicular to the outgoing momentum pþ s0 and the chief ray
momentum s0 (both are in the meridional plane as shown in Fig. 8), is written as follows,

EQ-TARGET;temp:intralink-;e028;117;134eS ¼
ðpþ s0Þ × s0
jðpþ s0Þ × s0j

¼ p × s0
jp × s0j

: (28)

The meridional unit vector eM at the mask is perpendicular to the sagittal unit vector eS and
the outgoing momentum pþ s0 as follows,

Fig. 6 Polarization changes and the comparison between the vector and scalar models.

Fig. 7 Rotation of the electric field inside the projection optics in the meridional plane.
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EQ-TARGET;temp:intralink-;e029;114;550eM ¼ eS ×
ðpþ s0Þ
jpþ s0j

: (29)

The incoming momentum at the wafer p 0 is related to p by the following equation,

EQ-TARGET;temp:intralink-;e030;114;506p 0 ¼
�
Mxpx;Mypy;−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − ðMxpxÞ2 − ðMypyÞ2

q �
: (30)

Then, the sagittal unit vector e 0S and the meridional unit vector e 0M at the wafer are written as
follows (see Fig. 8),

EQ-TARGET;temp:intralink-;e031;114;446 e 0S ¼
p 0 × e 0z
jp 0 × e 0zj

; (31)

EQ-TARGET;temp:intralink-;e032;114;397e 0M ¼ e 0S ×
p 0

k
; (32)

where e 0z ¼ ð0; 0; 1Þ.
With these definitions, the electric field at the mask E and the electric field at the wafer E 0

are related by the following equation,

EQ-TARGET;temp:intralink-;e033;114;344E 0 ¼ ðE · eSÞe 0S þðE · eMÞe 0M: (33)

Equation (33) is rewritten as a matrix equation as follows,

EQ-TARGET;temp:intralink-;e034;114;309E 0 ¼ RE; (34)

where R is a rotation matrix defined by

EQ-TARGET;temp:intralink-;e035;114;274RαβðpÞ ¼ e 0
S;αðpÞeS;βðpÞþ e 0

M;αðpÞeM;βðpÞ α; β ¼ x; y; z: (35)

3.4 Coherence Function

The electric field rotates inside the projection optics from E to E 0 ¼ RE. Then, according to
Abbe’s theory, the image intensity on the wafer is written as follows,

EQ-TARGET;temp:intralink-;e036;114;203IρðxÞ ¼
ZZ

SρðsÞ
����
ZZ

Rðqþ sÞEρðq; sÞPðqþ sÞeiðMqxxþMyqyyÞdq
����
2

ds; (36)

where ρ 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 × 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 Eq. (19), the electric field at the mask Eρ is written in terms of the vector potential Aρ as
follows,

Fig. 8 Outgoing wave at the mask and incoming wave at the wafer.
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EQ-TARGET;temp:intralink-;e037;117;736Eρðq; sÞ ¼ ikAρðq; sÞ − i
k · Aρðq; sÞ

k
k; (37)

where

EQ-TARGET;temp:intralink-;e038;117;695k ¼ k
ðpþ s0Þ
jpþ s0j

: (38)

As the unit vectors eS and eM are perpendicular to the momentum pþ s0,

EQ-TARGET;temp:intralink-;e039;117;645eS · k ¼ eM · k ¼ 0: (39)

Therefore,

EQ-TARGET;temp:intralink-;e040;117;610Rk ¼ 0; (40)

and

EQ-TARGET;temp:intralink-;e041;117;575REρðq; sÞ ¼ ikRAρðq; sÞ: (41)

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

The vector potential Aρðq; sÞ is the amplitude of the outgoing wave from the mask as
follows,

EQ-TARGET;temp:intralink-;e042;117;501AXðq; sÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 − s2x
p ðArel

X ðq; sÞ; 0; 0Þ; (42)

EQ-TARGET;temp:intralink-;e043;117;451AYðq; sÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 − s2y
q ð0; Arel

Y ðq; sÞ; 0Þ; (43)

where Arel
X ðq; sÞ and Arel

Y ðq; sÞ 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.11

The factor 1
. ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 − s2ρ
q

is the normalization factor at the effective source explained below.

At the effective source, the electric field EρðsÞ and the vector potential AρðsÞ are related by

EQ-TARGET;temp:intralink-;e044;117;354EρðsÞ ¼ ikAρðsÞ − i
s · AρðsÞ

k
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,

EQ-TARGET;temp:intralink-;e045;117;295jEρðsÞj2 ¼ k2jAρðsÞj2 − js · AρðsÞj2 ¼ ðk2 − s2ρÞjAρðsÞj2 ¼ 1: (45)

Therefore, the normalization factor is 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − s2ρ

q
. When there are N source points, the total

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

EQ-TARGET;temp:intralink-;e046;117;226

IρðxÞ ¼
ZZ

SρðsÞPðqþ sÞP�ðq 0 þ sÞCρðq 0 þ s; qþ sÞ

×
k2

k2 − s2ρ
Arel
ρ ðq; sÞArel�

ρ ðq 0; sÞeiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞds dq dq 0; (46)

where Cρ is a coherence function defined by

EQ-TARGET;temp:intralink-;e047;117;147Cρðp 0; pÞ ¼ ðRTðp 0ÞRðpÞÞρρ ¼ e 0Sðp 0Þ · e 0SðpÞeS;ρðp 0ÞeS;ρðpÞþ e 0Mðp 0Þ · e 0MðpÞeM;ρðp 0ÞeM;ρðpÞ:
(47)

This function represents the coherent loss of two rays coming from different directions, which
depends on the polarization ρ. Figure 9 shows examples of the coherence functions when the two
rays come to the wafer from opposite directions, i.e., p 0 ¼ −p. As shown in the figure, the values
of the coherence functions become small (coherent losses become large) when the following two
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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 (px or py) 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.20 In this case,
the diffraction amplitude from the EUVmask becomes the weighted sum of the two polarizations
as follows:

EQ-TARGET;temp:intralink-;e048;114;447Eðq; sÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
SXðsÞ

p
EXðq; sÞþ

ffiffiffiffiffiffiffiffiffiffiffi
SYðsÞ

p
eiϕðsÞEYðq; sÞ; (48)

where ϕðsÞ is the phase delay between the X and Y polarizations. Then, Eq. (36) is rewritten as
follows,
EQ-TARGET;temp:intralink-;e049;114;397

IðxÞ¼
ZZ ����

ZZ
RðqþsÞ

� ffiffiffiffiffiffiffiffiffiffiffi
SXðsÞ

p
EXðq;sÞþ

ffiffiffiffiffiffiffiffiffiffiffi
SYðsÞ

p
eiϕðsÞEYðq;sÞ

�
PðqþsÞeiðMxqxxþMyqyyÞdq

����
2

ds

¼IXðxÞþIYðxÞþ2Re

�ZZ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SXðsÞSYðsÞ

p
e−iϕðsÞPðqþsÞP�ðq0þsÞðRTðq0þsÞRðqþsÞÞyx

×
k2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðk2−s2xÞðk2−s2yÞ
q Arel

X ðq;sÞArel�
Y ðq0;sÞeiðMxðqx−q0

xÞxþMyðqy−q0
yÞyÞdsdqdq0

�
: (49)

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,

EQ-TARGET;temp:intralink-;e050;114;245Arel
ρ ðq; sÞ ≅ AρðqÞþ ∂sxAρðqÞðsx þ qx=2Þþ ∂syAρðqÞðsy þ qy=2Þ; (50)

where

EQ-TARGET;temp:intralink-;e051;114;207AρðqÞ ¼ Arel
ρ ðq; s ¼ −q=2Þ; (51)

EQ-TARGET;temp:intralink-;e052;114;170∂sxAρðqÞ ¼
∂Arel

ρ ðq; sÞ
∂sx

����
s¼−q=2

; (52)

EQ-TARGET;temp:intralink-;e053;114;136∂syAρðqÞ ¼
∂Arel

ρ ðq; sÞ
∂sy

����
s¼−q=2

: (53)

Inserting Eq. (50) into Eq. (46) and neglecting the second-order terms of sx and sy, we obtain,

Fig. 9 Examples of coherence functions for NA 0.33 and NA 0.55.
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EQ-TARGET;temp:intralink-;e054;117;736IρðxÞ ≅
ZZ

TCCρðq; q 0ÞAρðqÞA�
ρðq 0ÞeiðMxðqx−q 0

xÞxþMyðqy−q 0
yÞyÞdq dq 0

þ 2Re

�ZZ
TCCρðq; q 0ÞAρðqÞ

�
∂sxA

�
ρðq 0Þq

0
x

2
þ ∂syA

�
ρðq 0Þq

0
y

2

�
eiðMxðqx−q 0

xÞxþMyðqy−q 0
yÞyÞdq dq 0

�

þ 2Re

�ZZ
TCCSXρðq; q 0ÞAρðqÞ∂sxA�

ρðq 0ÞeiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞdq dq 0
�

þ 2Re

�ZZ
TCCSYρðq; q 0ÞAρðqÞ∂syA�

ρðq 0ÞeiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞdqdq 0
�

(54)

where

EQ-TARGET;temp:intralink-;e055;117;592TCCρðq; q 0Þ ¼
ZZ

SρðsÞPðqþ sÞP�ðq 0 þ sÞCρðq 0 þ s; qþ sÞ k2

k2 − s2ρ
ds; (55)

EQ-TARGET;temp:intralink-;e056;117;542TCCSXρðq; q 0Þ ¼
ZZ

sxSρðsÞPðqþ sÞP�ðq 0 þ sÞCρðq 0 þ s; qþ sÞ k2

k2 − s2ρ
ds; (56)

EQ-TARGET;temp:intralink-;e057;117;508TCCSYρðq; q 0Þ ¼
ZZ

sySρðsÞPðqþ sÞP�ðq 0 þ sÞCρðq 0 þ s; qþ sÞ k2

k2 − s2ρ
ds: (57)

Equations (54)–(57) represent the STCC formula including the polarization effect. The coher-
ence function Cρ, 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 Eqs. (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 σin=σout ¼ 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 simulation11 using Abbe’s theory, Eq. (36).
FT represents the thin mask model using the Fourier transformation of the mask pattern. The

Fig. 10 Polarization dependence of the image intensities for NA 0.33 and NA 0.55.
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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.

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 σin= σout ¼ 0.55= 0.9.

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 σin= σout ¼ 0.55= 0.9.

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 σin= σout ¼ 0.6= 0.85.

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

J. Micro/Nanopattern. Mater. Metrol. 031604-12 Jul–Sep 2026 • Vol. 25(3)



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 0th order diffraction amplitude, RealðA3D

x ð0;0; sx; syÞÞ, 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

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 σin= σout ¼ 0.55= 0.9.

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 σin= σout ¼ 0.55= 0.9.

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 σin= σout ¼ 0.6= 0.85.
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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 0.55, 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,

EQ-TARGET;temp:intralink-;e058;114;408Arel
ρ ðq; sÞ ≅ AρðqÞþ ∂sxAρðqÞsx þ ∂2sxAρðqÞs2x þ ∂syAρðqÞsy: (58)

The origin of the expansion is s ¼ 0. In Eq. (54), we set the origin of the expansion at s ¼ −q=2 and
ignored the second-order terms of sx and sy. However, when the quadratic term is added, it is better
to set the origin at s ¼ 0 and calculate all terms. Then, the STCC formula is written as follows:
EQ-TARGET;temp:intralink-;e059;114;349

IρðxÞ ≅
ZZ

TCCρðq;q 0ÞAρðqÞA�
ρðq 0ÞeiðMxðqx−q 0

xÞxþMyðqy−q 0
yÞyÞdqdq 0

þ
ZZ

TCCSX2Y0ρðq;q 0Þ∂sxAρðqÞ∂sxA�
ρðq 0ÞeiðMxðqx−q 0

xÞxþMyðqy−q 0
yÞyÞdqdq 0

þ
ZZ

TCCSX4Y0ρðq;q 0Þ∂2sxAρðqÞ∂2sxA�
ρðq 0ÞeiðMxðqx−q 0

xÞxþMyðqy−q 0
yÞyÞdqdq 0

þ
ZZ

TCCSX0Y2ρðq;q 0Þ∂syAρðqÞ∂syA�
ρðq 0ÞeiðMxðqx−q 0

xÞxþMyðqy−q 0
yÞyÞdqdq

þ2Re

�ZZ
TCCSX1Y0ρðq;q 0ÞAρðqÞ∂sxA�

ρðq 0Þ eiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞdqdq 0
�

þ2Re

�ZZ
TCCSX2Y0ρðq;q 0ÞAρðqÞ∂2sxA�

ρðq 0ÞeiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞdqdq 0
�

þ2Re

�ZZ
TCCSX0Y1ρðq;q 0ÞAρðqÞ∂syA�

ρðq 0ÞeiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞdqdq 0
�

þ2Re

�ZZ
TCCSX3Y0ρðq;q 0Þ∂sxAρðqÞ∂2sxA�

ρðq 0ÞeiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞdqdq 0
�

þ2Re

�ZZ
TCCSX1Y1ρðq;q 0Þ∂sxAρðqÞ∂syA�

ρðq 0ÞeiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞdqdq 0
�

þ2Re

�ZZ
TCCSX2Y1ρðq;q 0Þ∂2sxAρðqÞ∂syA�

ρðq 0ÞeiðMxðqx−q 0
xÞxþMyðqy−q 0

yÞyÞdqdq 0
�
; (59)

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.
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where

EQ-TARGET;temp:intralink-;e060;117;523TCCSXiYjρðq; q 0Þ ¼
ZZ

sixs
j
ySρðsÞPðqþ sÞP�ðqþ sÞCρðqþ s; qþ sÞ k2

k2 − s2ρ
ds: (60)

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 q 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,

EQ-TARGET;temp:intralink-;e061;117;319ðqx; qyÞ ¼
�

2πl
LMx

;
2πm
LMy

�
; (61)

where l and m are diffraction orders (integers) in the x and y directions. In the 3D waveguide
model,11 the source position s is also discretized as follows,

EQ-TARGET;temp:intralink-;e062;117;257ðsx; syÞ ¼
�
2πls
LMx

;
2πms

LMy

�
; (62)

where ls and ms are integers. Then, the diffraction amplitude of the outgoing wave
Aρðl; m; ls; msÞ ≡ Arel

ρ ðqx; qy; sx; syÞ depends on the diffraction order ðl; mÞ and the source posi-
tion ðls; msÞ. The diffraction amplitude is divided into the thin mask amplitude and the M3D
amplitude as follows.

EQ-TARGET;temp:intralink-;e063;117;170Aρðl; m; ls; msÞ ¼ AFT
ρ ðl; mÞþA3D

ρ ðl; m; ls; msÞ: (63)

The thin mask amplitude AFT
ρ ðl; mÞ is calculated from the Fourier transform of the mask pattern,

and it does not depend on the source position ðls; msÞ. On the other hand, the M3D amplitude
A3D
ρ ðl; m; ls; msÞ depends on the source position ðls; msÞ.

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).

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 σin= σout ¼ 0.55= 0.9.
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EQ-TARGET;temp:intralink-;e064;114;580

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2s þm2

s

q
≤ NA

L
λ
; (64)

EQ-TARGET;temp:intralink-;e065;114;540

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðlþ lsÞ2 þðmþmsÞ2

q
≤ NA

L
λ
: (65)

The contribution of the thin mask amplitude AFT
x ðl; mÞ is dominant. The M3D amplitude

A3D
ρ ðl; m; ls; msÞ smoothly depends on the source position ðls; msÞ, which is the basis of the

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

EQ-TARGET;temp:intralink-;e066;114;474A3D
ρ ðl; m; ls; msÞ ≅ aρ;0ðl; mÞþ aρ;xðl; mÞðls þ l=2Þþ aρ;yðl; mÞðms þm=2Þ; (66)

where aρ;0ðl; mÞ is the average of the amplitudes in the overlapping area (Fig. 2), and aρ;xðl; mÞ
and aρ;yðl; mÞ are the slopes of the amplitudes in x and y directions, respectively. We call these
three numbers M3D parameters. These values are calculated by Eqs. (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 × 2048 binary data. We first convert them to 512 × 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

Fig. 19 Decomposition of the diffraction amplitude.

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.21

It is not explicitly stated in Eq. (66), but the M3D parameters depend on the azimuthal angle
φ, 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 Eqs. (64) and (65), the number of ðl; mÞ 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 Ropt defined by9

EQ-TARGET;temp:intralink-;e067;117;388Ropt ¼
1.12λ

σNA
: (67)

When NA = 0.33 and σ ¼ 0.5, Ropt ¼ 92 nm. The periodic length Lmust be larger than 2 × Ropt.
This is the reason we set L ¼ 512 nm. The exclusion region becomes larger when the illumi-
nation is more coherent, but it becomes smaller when the NA is larger.

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 Cρ must be introduced into the STCC formula. Cρ represents the effect of the electric
field rotation in the meridional plane, which depends on the polarization ρ ¼ x or y. As a result,
six TCCs (TCCρ, TCCSXρ, and TCCSYρ) 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 2026.22
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Fig. 21 Usable area and edge exclusion regions.
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Code and Data Availability
The code is available at https://github.com/takahashi-edalab/EUVlitho. All the data can be shared
by the authors upon reasonable request.
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