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RESEARCH PAPER

Rigorous electromagnetic simulator for extreme
ultraviolet lithography and convolutional neural

network reproducing electromagnetic simulations
Hiroyoshi Tanabe,* Masayuki Shimoda , and Atsushi Takahashi

Institute of Science Tokyo, Tokyo, Japan

ABSTRACT. Background: Mask 3D (M3D) effects distort diffraction amplitudes from extreme
ultraviolet (EUV) masks. Rigorous electromagnetic simulation is required to incor-
porate the M3D effects. However, electromagnetic simulation is too slow for optical
proximity correction applications.

Aim: We explain the details of our electromagnetic simulator and convolutional neu-
ral network (CNN) model which reproduces the results of the electromagnetic sim-
ulations. CNN prediction is much faster than the simulation. We provide the codes
for the simulator and CNN model.

Approach: Our electromagnetic simulator uses the 3D waveguide model. The
model solves Helmholtz-type wave equations. Weakly guiding approximation is
applied to accelerate the simulation. M3D parameters are extracted from the result
of the simulation, which represents the M3D effects. CNN model is constructed to
predict M3D parameters from the input mask pattern.

Results: The computation time of the electromagnetic simulation is ∼5 min for a
512 × 512 nm area on a wafer. The computation time using CNN is ∼0.1 s.

Conclusions: EUVlitho is the open source of our EUV lithography simulator and
CNN model. It is available on GitHub.

© 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.24.2.024201]
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1 Introduction
High aspect absorbers used in extreme ultraviolet (EUV) masks induce several mask 3D (M3D)
effects such as critical dimension (CD) error and edge placement error.1,2 It is necessary to
include M3D effects in EUV lithography simulations. M3D effects are caused by the distorted
diffraction amplitude from an EUV mask. The diffraction amplitude can be calculated rigorously
by using electromagnetic (EM) simulators.3–7 There are two types of EM simulation methods for
EUV lithography. The first type solves Maxwell’s equations in coordinate space,3 and the second
type solves the equations in momentum (or frequency) space.4–7 The differential Maxwell’s
equations in coordinate space are transformed into coupled wave equations in momentum space.

The finite-difference time-domain (FDTD) method3 solves Maxwell’s equations in coordi-
nate space, and the solution is the near-field diffraction amplitude. Because the near-field dif-
fraction amplitude depends on the incident angle, the calculation must be repeated for all source
points (usually 100 or more).
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On the other hand, rigorous coupled-wave analysis (RCWA)4 and 3D waveguide model5–7

solve Maxwell’s equation in momentum space. Both models are equivalent, but the 3D wave-
guide model has fewer variables.7 Assuming a periodic boundary condition, the momentum is
discretized proportional to the inverse of the period length. RCWA and 3D waveguide models
solve coupled wave equations that connect the incoming and outgoing waves. All relationships
between the incoming and outgoing waves are calculated simultaneously. The momentum of the
incoming wave corresponds to the source point. If the period length is large enough, the size of
the momentum grid is small, and these models do not need to repeat calculations for different
source points (Fig. 2).

In this paper, we explain our EM simulator based on the 3D waveguide model. The theo-
retical background of the 3D waveguide model was presented in the previous paper.7 In this
report, we explain the details of the 3D waveguide model calculation. The model solves
Helmholtz-type coupled vector wave equations. Weakly guiding approximation in optical fiber
theory8 is applied to the 3D waveguide model, which decomposes the coupled vector wave equa-
tions into two scalar wave equations, reducing the computation time to solve the equations.

Rigorous EM simulations such as FDTD, RCWA, and 3D waveguide models are highly
time-consuming, especially for optical proximity correction (OPC) applications. Recently with
the advent of deep learning software and hardware platforms, several attempts have been made to
solve the M3D effect problems using deep neural networks.9–11 The targets of the deep neural
networks in these models are the near-field diffraction amplitudes calculated by FDTD. As men-
tioned before, the near-field amplitudes depend on the incident angles, and the calculations of the
amplitudes need to be repeated for many (if not all) source points.

We also use a deep neural network to accelerate the calculation of M3D effects. We define
the M3D amplitudes as the difference between the far-field diffraction amplitudes calculated by
the 3D waveguide model and the thin mask amplitude calculated by the Fourier transformation of
the mask pattern. We construct a convolutional neural network (CNN),12–15 which reproduces the
M3D amplitudes. Because the far-field diffraction amplitude is expressed in momentum space,
our model can be easily incorporated into the Hopkins’ TCC (transmission cross-coefficient)
formula,16 which is also written in momentum space. In this way, we do not need to repeat the
calculations for different source points.

In Sec. 2, we explain our EUV lithography simulator based on the 3D waveguide model. In
Sec. 3, we explain the linear approximation of the diffracted electric field. In Sec. 4, we explain
our CNN model for fast EUV lithography simulation. Section 5 is the summary.

2 EUV Lithography Simulator

2.1 Image Intensity on a Wafer
According to Abbe’s theory, the total image intensity on a wafer, I is calculated by the incoherent
sum of the image intensities illuminated by all points of the effective source, S as follows:

EQ-TARGET;temp:intralink-;e001;114;268Iðx; yÞ ¼
ZZ

Sðsx; syÞ
����
ZZ

Eðkout; kinÞPðpx; pyÞeiðpxxþpyyÞdpx dpy

����2dsx dsy; (1)

where P is the pupil function of the projection optics. The electric field E diffracted by a EUV
mask is calculated by solving the 3D waveguide model in Sec. 2.2. It depends on the incoming
momentum kin and the outgoing momentum kout. These are calculated using the source position
of the incoming wave ðsx; syÞ and the pupil position of the outgoing wave ðpx; pyÞ as follows:

EQ-TARGET;temp:intralink-;e002;114;182kin ¼
�
sxþk sin θ sin φ; syþk sin θ cos φ;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − ðsxþk sin θ sin φÞ2 − ðsyþk sin θ cos φÞ2

q �
;

(2)

EQ-TARGET;temp:intralink-;e003;114;120kout¼
�
pxþk sin θ sinφ;pyþk sin θ cos φ;−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2− ðpxþk sin θ sin φÞ2− ðpyþk sin θ cos φÞ2

q �
;

(3)

where k ¼ 2π∕λ is the wavevector with the wavelength λ ¼ 13.5 nm. The optics of EUV scan-
ners are reflective, and the chief ray is tilted θ ¼ −6 deg in the negative y direction. The
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illumination slit of EUV scanners is curved. The azimuthal angle φ is 0 deg at the center of the
slit. The angle is ∼18 deg17 at the edge of the slit.

The pupil function P includes the defocus and the aberrations. In this report, we assume the
pupil function is a scalar function because the numerical aperture ðNAÞ ¼ 0.33. However, for
high-NA scanners, the pupil function becomes a matrix that rotates the electric field from the
entrance pupil to the exit pupil.18

2.2 3D Waveguide Model with Weakly Guiding Approximation
EUVmasks have absorber layers on the top of the Ru capping layer and Mo/Si multilayers (ML).
Inside each layer the complex dielectric constant ε̂ is uniform in the z direction, which is
perpendicular to the mask plane. In this case, according to the 3D waveguide model,5

Maxwell’s equations are reduced to the following coupled wave equations of the vector
potential A.

EQ-TARGET;temp:intralink-;e004;117;580ΔAx þ k2ε̂Ax −
∂ log ε̂

∂x

�
∂Ax

∂x
þ ∂Ay

∂y

�
¼ 0; (4)

EQ-TARGET;temp:intralink-;e005;117;531ΔAy þ k2ε̂Ay −
∂ log ε̂

∂y

�
∂Ax

∂x
þ ∂Ay

∂y

�
¼ 0; (5)

EQ-TARGET;temp:intralink-;e006;117;500Az ¼ 0: (6)

The electric field and the magnetic field are calculated from the vector potential as follows:

EQ-TARGET;temp:intralink-;e007;117;481E ¼ ikAþ i

k
∇
�
1

ε̂
∇ · A

�
; (7)

EQ-TARGET;temp:intralink-;e008;117;432H ¼ ∇ × A: (8)

The coupled wave equations are decoupled by using the weakly guiding approximation,7

which is often used in optical fiber theory.8 This approximation is possible because the refractive
index of the core is close to that of the cladding. Similarly, the refractive index of Ta absorber,

ðn; kÞ ¼
ffiffiffî
ε

p
¼ ð0.9567; 0.0343Þ,19 is close to that of the vacuum. The weakly guiding approxi-

mation decomposes the coupled vector wave equations into uncoupled scalar wave equations as
follows:

EQ-TARGET;temp:intralink-;e009;117;347ΔAx þ k2ε̂Ax −
∂ log ε̂

∂x
∂Ax

∂x
¼ 0; (9)

EQ-TARGET;temp:intralink-;e010;117;301ΔAy þ k2ε̂Ay −
∂ log ε̂

∂y
∂Ay

∂y
¼ 0: (10)

Two variables Ax and Ay correspond to the two polarizations.7 The accuracy of the weakly
guiding approximation is very high, the difference between the image intensities calculated by
using the original 3D waveguide model and its weakly guiding approximation is <0.1%.7

The difference in the image intensities between the two polarizations, Ax and Ay is at most
1.6% for NA 0.33.7 In the following discussion, we focus on the Ax polarization assuming
Ay ¼ 0. If high accuracy is desired, both Ax and Ay polarizations should be calculated and
averaged.

The electric and magnetic fields of Ax polarization are expressed as follows:

EQ-TARGET;temp:intralink-;e011;117;178Ex ¼ ikAx þ
i
k
∂
∂x

�
1

ε̂

∂Ax

∂x

�
; (11)

EQ-TARGET;temp:intralink-;e012;117;129Ey ¼
i
k
∂
∂y

�
1

ε̂

∂Ax

∂x

�
; (12)

EQ-TARGET;temp:intralink-;e013;117;98Hx ¼ 0; (13)

EQ-TARGET;temp:intralink-;e014;117;80Hy ¼
∂Ax

∂z
: (14)
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We need two boundary conditions to fix the wave going forward Ax
þ and the wave going

backward Ax
−. Because the electric field of Ax polarization is almost parallel to the x-axis,7 we

impose the following conditions at the boundary between the j’th and (jþ 1)th layers.

EQ-TARGET;temp:intralink-;e015;114;546Ej
xðx; y; zjþ 1Þ ¼ Ejþ 1

x ðx; y; zjþ 1Þ; (15)

EQ-TARGET;temp:intralink-;e016;114;508Hj
yðx; y; zjþ 1Þ ¼ Hjþ 1

y ðx; y; zjþ 1Þ; (16)

where zjþ1 is the top of the (jþ 1)th layer. As shown in Fig. 1, we define the vacuum above the
absorber as layer 0, the top absorber layer as layer 1, and the bottom of the multilayer as layer N.
The z coordinate at the absorber surface is z1 ¼ 0. The boundary condition for Ey is ignored
because the value is small compared with that of Ex or Hy.

2.3 Calculation of the 3D Waveguide Model in Momentum Space

2.3.1 Eigenvalue equation

We first apply separable approximation to the vector potential Ax to find a special solution of
Eq. (9)

EQ-TARGET;temp:intralink-;e017;114;377Axðx; y; zÞ ¼ Fðx; yÞZðzÞ: (17)

Then, Eq. (9) is divided into two parts.

EQ-TARGET;temp:intralink-;e018;114;341

∂2F
∂x2

þ ∂2F
∂y2

þ k2ε̂F −
∂ log ε̂

∂x
∂F
∂x

¼ α2F; (18)

EQ-TARGET;temp:intralink-;e019;114;291

d2Z
d2z

¼ −α2Z: (19)

In momentum space, Eq. (18) is an eigenvalue equation having an eigenvalue α. The general
solution of Eq. (9) is the sum of the solutions having different eigenvalues.

We assume a periodic boundary condition having the period ðdx; dyÞ. Then, the momentum
ðkx; kyÞ has a discrete value ð2πl∕dx; 2πm∕dyÞ, in which l and m are integers. In momentum
space, Eq. (18) is an eigenvalue equation as follows:

EQ-TARGET;temp:intralink-;e020;114;210DF ¼ α2F; (20)

where D is a matrix

EQ-TARGET;temp:intralink-;e021;114;174Dlm;l 0m 0 ¼
�
−
�
s0x þ

2πl
dx

�
2

−
�
s0y þ

2πm
dy

�
2
�
δll 0δmm 0 þ k2ε̂l−l 0m−m 0 − ηl−l 0m−m 0 i

�
s0x þ

2πl 0

dx

�
;

(21)

where

EQ-TARGET;temp:intralink-;e022;114;111ε̂lm ¼ 1

dxdy

Z
dx

0

dx

Z
dy

0

dyε̂ðx; yÞ exp
�
−i

�
2πl
dx

xþ 2πm
dy

y

��
; (22)

Fig. 1 Schematic view of the cross-section of an EUV mask.
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EQ-TARGET;temp:intralink-;e023;117;736

ηlm ¼ 1

dxdy

Z
dx

0

dx

Z
dy

0

dy
d log ε̂ðx; yÞ

dx
exp

�
−i

�
2πl
dx

xþ 2πm
dy

y

��

¼ i
2πl
dx

1

dxdy

Z
dx

0

dx

Z
dy

0

dy log ε̂ðx; yÞ exp
�
−i

�
2πl
dx

xþ 2πm
dy

y

��
: (23)

The momentum of the chief ray ðs0x; s0yÞ is defined by

EQ-TARGET;temp:intralink-;e024;117;662s0x ¼ k sin θ sin φ; (24)

EQ-TARGET;temp:intralink-;e025;117;626s0y ¼ k sin θ cos φ: (25)

The general form of the vector potential inside the jth layer Aj
x is the sum of the solutions

having different eigenvalues as follows:
EQ-TARGET;temp:intralink-;e026;117;591

Aj
xðx; y; zÞ ¼

X
n

�
Aj
n expðiαjnðz − zjÞÞþA 0j

n expð−iαjnðz − zjÞÞ
�

×
X
lm

ðFj
nÞlm exp

�
i

�
s0x þ

2πl
dx

�
xþ i

�
s0y þ

2πm
dy

�
y

�
; (26)

where αjn and Fj
n are the n’th eigen value and eigen vector of the matrix Dj. Aj

n and A 0j
n are the

amplitudes to be determined from the boundary conditions.

2.3.2 Boundary conditions

The boundary condition for Ex in Eq. (15) is written as follows:

EQ-TARGET;temp:intralink-;e027;117;446BjðAj
nγ

j
n þA 0j

n ∕γjnÞ ¼ Bjþ 1ðAjþ 1
n 0 þA 0jþ 1

n 0 Þ; (27)

where

EQ-TARGET;temp:intralink-;e028;117;408ðBj
nÞlm ¼ ikðFj

nÞlm −
i
k

�
s0x þ

2πl
dx

�X
l 0m 0

σjl−l 0m−m 0

�
s0x þ

2πl 0

dx

�
ðFj

nÞl 0m 0 ; (28)

EQ-TARGET;temp:intralink-;e029;117;356γjn ¼ expðiαjnðzjþ 1 − zjÞÞ; (29)

EQ-TARGET;temp:intralink-;e030;117;335σlm ¼ 1

dxdy

Z
dx

0

dx

Z
dy

0

dy
1

ε̂ðx; yÞ exp

�
−i

�
2πl
dx

xþ 2πm
dy

y

��
: (30)

Equation (27) can be rewritten as follows:

EQ-TARGET;temp:intralink-;e031;117;302Aj
nγ

j
n þA 0j

n ∕γjn ¼ CjðAjþ 1
n 0 þA 0jþ 1

n 0 Þ; (31)

where

EQ-TARGET;temp:intralink-;e032;117;264ðCjÞnn 0 ¼ ðBj
nÞ−1Bjþ 1

n 0 : (32)

In the same way, the boundary condition for Hy in Eq. (16) is written as follows:

EQ-TARGET;temp:intralink-;e033;117;224Aj
nγ

j
n − A 0j

n ∕γjn ¼ αjþ 1
n 0

αjn
C 0jðAjþ 1

n 0 − A 0jþ 1
n 0 Þ; (33)

where

EQ-TARGET;temp:intralink-;e034;117;172ðC 0jÞnn 0 ¼ ðFj
nÞ−1Fjþ 1

n 0 : (34)

In Eqs. (31) and (33), we obtain

EQ-TARGET;temp:intralink-;e035;117;133

�
Aj
n

A 0j
n

�
¼ Tj

�
Ajþ 1
n 0

A 0jþ 1
n 0

�
; (35)

where Tj is a matrix which connects j’th and (jþ 1)th layers.
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EQ-TARGET;temp:intralink-;e036;114;736ðTjÞnn 0 ¼

0
BBB@

1
2

�
Cj þ αjþ 1

n 0
αjn

C 0j
�
∕γjn 1

2

�
Cj −

αjþ 1

n 0
αjn

C 0j
�
∕γjn

1
2

�
Cj −

αjþ 1

n 0
αjn

C 0j
�
γjn 1

2

�
Cj þ αjþ 1

n 0
αjn

C 0j
�
γjn

1
CCCA: (36)

2.3.3 Inside the multilayer and capping layer

Inside the multilayer and capping layer, the complex dielectric constant is uniform in x-y
direction.

EQ-TARGET;temp:intralink-;e037;114;611ε̂jðx; yÞ ¼ ε̂j: (37)

Then, the solution of Eq. (9) is a plane wave having the momentum kjlm

EQ-TARGET;temp:intralink-;e038;114;573kjlm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2ε̂j −

�
s0x þ

2πl
dx

�
2

−
�
s0y þ

2πm
dy

�
2

s
: (38)

The eigenvalue αjlm and eigenvector Fj
lm in Eq. (20) are written as follows:

EQ-TARGET;temp:intralink-;e039;114;517 αjlm¼ kjlm; (39)

EQ-TARGET;temp:intralink-;e040;114;479ðFj
lmÞl 0m 0¼ δll 0δmm 0 : (40)

The matrix Tj in Eq. (36) is

EQ-TARGET;temp:intralink-;e041;114;457ðTjÞlml 0m 0 ¼

0
BBB@

1
2

�
Cj þ k

jþ 1

lm

k
j
lm

C 0j
�
∕γjlm

1
2

�
Cj − kjþ 1

lm

kj
lm

C 0j
�
∕γjlm

1
2

�
Cj − kjþ 1

lm

kj
lm

C 0j
�
γjlm

1
2

�
Cj þ k

jþ 1

lm

k
j
lm

C 0j
�
γjlm

1
CCCA; (41)

where

EQ-TARGET;temp:intralink-;e042;114;376ðCjÞlml 0m 0 ¼
k − 1

kε̂jþ 1

�
s0x þ 2πl

dx

	
2

k − 1
kε̂j

�
s0x þ 2πl

dx

	
2
δll 0δmm 0 ; (42)

EQ-TARGET;temp:intralink-;e043;114;312ðC 0jÞlm l 0 m 0 ¼ δll 0δmm 0 ; (43)

EQ-TARGET;temp:intralink-;e044;114;294γjlm ¼ expðikjlmðzjþ 1 − zjÞÞ: (44)

2.3.4 Boundary condition at the bottom of the multilayer

Inside the substrate, only the forward-going wave As
x exists.

EQ-TARGET;temp:intralink-;e045;114;235As
xðx; y; zÞ ¼

X
lm

ðAs
xÞlm expðikslmðz − zsÞÞ exp

�
i

�
s0x þ

2πl
dx

�
xþ i

�
s0y þ

2πm
dy

�
y

�
; (45)

where zs is the bottom of the multilayer (top of the substrate) and kslm is defined by

EQ-TARGET;temp:intralink-;e046;114;183kslm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2ε̂s −

�
s0x þ

2πl
dx

�
2

−
�
s0y þ

2πm
dy

�
2

s
; (46)

where ε̂s is the complex dielectric constant of the substrate.
At the bottom of the multilayer, the boundary condition for Ex is

EQ-TARGET;temp:intralink-;e047;114;115

�
k −

1

kε̂N

�
s0x þ

2πl
dx

�
2
�
ðAN

lmγ
N
lm þA 0N

lm ∕γNlmÞ ¼
�
k −

1

kε̂s

�
s0x þ

2πl
dx

�
2
�
ðAs

xÞlm: (47)

and the boundary condition for Hy is
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EQ-TARGET;temp:intralink-;e048;117;736kNlmðAN
lmγ

N
lm−A 0N

lm∕γNlmÞ¼ kslmðAs
xÞlm: (48)

In Eqs. (47) and (48), we obtain

EQ-TARGET;temp:intralink-;e049;117;705

�
AN

lm

A 0N
lm

�
¼ TNðAs

xÞlm; (49)

where

EQ-TARGET;temp:intralink-;e050;117;656ðTNÞlm ¼

0
BBB@

1
2

�
k− 1

kε̂s



s0x þ 2πl

dx

�
2

k− 1
kε̂N



s0x þ 2πl

dx

�
2 þ ks

lm

kN
lm

�
∕γNlm

1
2

�
k− 1

kε̂s



s0x þ 2πl

dx

�
2

k− 1
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s0x þ 2πl

dx
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2 −
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lm

kN
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�
γNlm

1
CCCA: (50)

2.3.5 Incoming and outgoing waves in vacuum

Assuming the periodic boundary condition, the pupil position of the outgoing wave ðpx; pyÞ has
a discrete value as follows:

EQ-TARGET;temp:intralink-;e051;117;524ðpx; pyÞ ¼
�
2πlp
dx

;
2πmp

dy

�
; (51)

where lp and mp are integers. The outgoing wave has a momentum ðs0x þpx; s0y þpyÞ.
For convenience, we also discretize the source position as follows:

EQ-TARGET;temp:intralink-;e052;117;460ðsx; syÞ ¼
�
2πls
dx

;
2πms

dy

�
; (52)

where ls and ms are integers. The incoming wave has a momentum ðs0x þ sx; s0y þ syÞ.
In general, the source position does not have a discrete value. The source size is

NAill × 2π∕λ, where NAill is the numerical aperture of the illumination optics. If the mask pitch
dx and dy are much larger than the wavelength λ, the source positions, Eq. (52) densely cover the
entire source (Fig. 2). In this case, we do not need to repeat the calculation. However, if dx or dy is
small, the grid size becomes large, and the source positions coarsely cover the source. In this
case, we need to repeat the calculation by slightly shifting the momentum of the chief ray from
ðs0x; s0yÞ to ðs0x þΔsx; s0y þΔsyÞ, where ðΔsx;ΔsyÞ is a fraction of one grid ð2π∕dx; 2π∕dyÞ.

When the source position of the incoming wave is ð2πls∕dx; 2πms∕dyÞ, the vector potential
Ax at the top of the absorber surface is the sum of the incoming wave Aþ

x and the outgoing wave
A−
x as follows:

Fig. 2 Discretization of the source position.
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EQ-TARGET;temp:intralink-;e053;114;736

Axðx; y; zÞ ¼ ðAþ
x Þlsms

exp

�
i

��
s0x þ

2πls
dx

�
xþ

�
s0y þ

2πms

dy

�
yþ klsms

z

��

þ
X
lpmp

ðA−
x Þlsms

lpmp
exp

�
i

��
s0x þ

2πlp
dx

�
xþ

�
s0y þ

2πmp

dy

�
y − klpmp

z

��
; (53)

where

EQ-TARGET;temp:intralink-;e054;114;659klm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 −

�
s0x þ

2πl
dx

�
2

−
�
s0y þ

2πm
dy

�
2

s
: (54)

The electric field of the incoming wave is
EQ-TARGET;temp:intralink-;e055;114;602

ðEþ Þlsms
¼ iðAþ

x Þlsms

k

�
k2 −

�
s0x þ

2πls
dx

�
2

;−
�
s0x þ

2πls
dx

��
s0y þ

2πms

dy

�
;

−
�
s0x þ

2πls
dx

�
klsms

�
; (55)

and the electric field of the outgoing wave is
EQ-TARGET;temp:intralink-;e056;114;522

ðE−Þlsms
lpmp

¼
iðA−

x Þlsms
lpmp

k

�
k2 −

�
s0x þ

2πlp
dx

�
2

;−
�
s0x þ

2πlp
dx

��
s0y þ

2πmp

dy

�
;

�
s0x þ

2πlp
dx

�
klpmp

�
: (56)

In lithography simulation, we normalize the electric field of the incoming wave as

EQ-TARGET;temp:intralink-;e057;114;438jðEþ Þlsms
j2 ¼ 1: (57)

So, the vector potential of the incoming wave needs to be normalized as follows:

EQ-TARGET;temp:intralink-;e058;114;400ðAþ
x Þlsms

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 −

�
s0x þ 2πls

dx

	
2

r : (58)

2.3.6 Boundary condition at the top of the absorber

At the absorber surface where z ¼ z1 ¼ 0, the boundary condition for Ex is

EQ-TARGET;temp:intralink-;e059;114;300

�
ik −

i
k

�
s0x þ

2πlp
dx

�
2
�
ððAþ

x Þlsms
δlplsδmpms

þðA−
x Þlsms

lpmp
Þ ¼

X
n

ðB1
nÞlpmp

ðA1
n þA 01

n Þ; (59)

and the boundary condition for Hy is

EQ-TARGET;temp:intralink-;e060;114;248klpmp
ððAþ

x Þlsms
δlplsδmpms

− ðA−
x Þlsms

lpmp
Þ ¼

X
n

α1nðA1
n−A 01

n ÞðF1
nÞlpmp

: (60)

In Eqs. (59) and (60), we obtain

EQ-TARGET;temp:intralink-;e061;114;2002klpmp
ðAþ

x Þlsms
δlplsδmpms

¼ T0

�
A1
n

A 01
n

�
; (61)

where

EQ-TARGET;temp:intralink-;e062;114;151ðT0Þlpmpn ¼
�

klpmp

ik− i
k



s0x þ 2πlp

dx

�
2 ðB1

nÞlpmp
þ α1nðF1nÞlpmp

klpmp

ik− i
k



s0x þ 2πlp

dx

�
2 ðB1

nÞlpmp
−α1nðF1

nÞlpmp

�
:

(62)
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2.3.7 Solution for the outgoing wave

We define the matrix Uj as follows:

EQ-TARGET;temp:intralink-;e063;117;705Uj¼ TjTjþ1 · · · TN: (63)

Using Uj, the incoming wave Aþ
x and the wave As

x inside the substrate are related by

EQ-TARGET;temp:intralink-;e064;117;6672klpmp
ðAþ

x Þlsms
δlplsδmpms

¼ U0As
x: (64)

Therefore

EQ-TARGET;temp:intralink-;e065;117;629As
x ¼ ðU0Þ−1ð2klpmp

ðAþ
x Þlsms

δlplsδmpms
Þ: (65)

The forward-going wave and backward-going wave at the top absorber layer are calculated
by

EQ-TARGET;temp:intralink-;e066;117;578

�
A1

n

A 01
n

�
¼ U1As

x: (66)

Finally, the outgoing wave A−
x is

EQ-TARGET;temp:intralink-;e067;117;528ðA−
x Þlsms

lpmp
¼ ðAþ

x Þlsms
δlplsδmpms

−
1

klpmp

X
n

α1nðA1
n−A 01

n ÞðF1
nÞlpmp

: (67)

The electric field of the outgoing wave is calculated by inserting A−
x into Eq. (56).

2.4 Example
Figure 3 shows an example of the calculation using the 3D waveguide model. The line width is
14 nm on the wafer. The optical settings are λ ¼ 13.5 nm, NA ¼ 0.33, and the dipole illumi-
nation, σout∕σin ¼ 0.9∕0.55 with the opening angle of 90 deg. The chief ray angle θ = –6 deg and
the azimuthal angle φ ¼ 0 deg.

We assume a single absorber layer, Ta with 60-nm thickness. The Ru capping layer and
Mo/Si multilayer are set according to Ref. 20.

The size of the mask area is ðdx; dyÞ ¼ ð2048 nm; 2048 nmÞ. The computational time to
solve the 3D waveguide model is 289 s using an Intel Core i9-10920X CPU and Nvidia
RTX3090 GPU. We use MAGMA library21 to speed up the eigenvalue calculation in Eq. (20).
The calculation time highly depends on the cutoff momentum. According to Ref. 13, we include
the momentum ðkx; kyÞ, which satisfies

EQ-TARGET;temp:intralink-;e068;117;319

� jkxj
kmax
x

þ 1

�� jkyj
kmax
y

þ 1

�
≤ 2; (68)

where kmax
x ¼ kmax

y ¼ 6 · NA∕4 · 2π∕λ. This number is 6 times larger than the size of the pupil
NA∕4 · 2π∕λ. When the momentum is discretized by ð2π∕dx; 2π∕dyÞ, there are 8705 ðkx; kyÞ
pairs that satisfy Eq. (68).

The region in Eq. (68) is a quasi-hyperbola that mimics the diffraction spectrum of a mask
pattern consisting of vertical and horizontal lines or holes. Mask patterns are conventionally

Fig. 3 Mask pattern and image intensity on a wafer.
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designed using X-Y coordinates. The minimum pattern pitch in the X or Y direction is small
compared with the minimum pattern pitch in the diagonal direction. Therefore, in momentum
space, the diffraction amplitude in the diagonal direction decreases rapidly compared with the
amplitude in the X or Y direction.

3 Linear Approximation of the Source Position Dependence of
the Diffraction Amplitude

Abbe’s theory, Eq. (1) can be rewritten as follows:

EQ-TARGET;temp:intralink-;e069;114;629IðxÞ ¼
ZZ

SðsÞ
����
ZZ

Eðk; sÞPðkþ sÞeik·xdk
����2ds; (69)

where k ¼ p − s is the scattering momentum from the incoming wave to the outgoing wave.
In optical lithography simulation, Hopkins’ TCC formula16 is often used because the com-

putation of the TCC formula is much faster than that of Abbe’s theory. In Hopkins’ theory, the
thin mask model is used where the diffraction amplitude is the Fourier transform (FT) of a mask
pattern. The diffraction amplitude depends on the scattering momentum k, but it does not depend
on the source position s. In this case, the TCC formula is derived by changing the order of inte-
grations in Abbe’s theory.

However, in EUV lithography simulation, the thick mask model must be used where the
diffraction amplitude (electric field) Eðk; sÞ depends on both the scattering momentum k and
the source position s. In this case, we cannot change the order of the integrations in
Eq. (69). Therefore, the TCC formula cannot be applied to EUV lithography simulations.

To change the order of the integrations in Eq. (69), we approximate the electric field Eðk; sÞ
as a linear function of the source position s as follows:15

EQ-TARGET;temp:intralink-;e070;114;436Eðk; sÞ ≅ EðkÞþ ∂sxEðkÞðsx þ kx∕2Þþ ∂syEðkÞðsy þ ky∕2Þ: (70)

The origin of the linear expansion is ðsx; syÞ ¼ ð−kx∕2;−ky∕2Þ. The reason will be
explained in Sec. 4. Inserting Eq. (70) into Eq. (69), we obtain

EQ-TARGET;temp:intralink-;e071;114;385IðxÞ ≅
ZZ

SðsÞ
����
ZZ

ðEðkÞþ ∂sxEðkÞðsx þ kx∕2Þþ ∂syEðtÞðsy þ ky∕2ÞÞPðkþ sÞeik·xdk
����2ds:
(71)

Then, the order of the integrations can be changed as follows:
EQ-TARGET;temp:intralink-;e072;114;322

IðxÞ ≅
ZZ

TCCðk; k 0ÞEðkÞ · Eðk 0Þ�eiðk−k 0Þ·xdk dk 0

þ 2Re

�ZZ
TCCðk; k 0ÞEðkÞ · ð∂sxEðk 0Þk 0

x∕2þ ∂syEðk 0Þk 0
y∕2Þ�eiðk−k 0Þ·xdk dk 0

�

þ 2Re

�ZZ
TCCxðk; k 0ÞEðkÞ · ∂sxEðk 0Þ�eiðk−k 0Þ·xdk dk 0

�

þ 2Re

�ZZ
TCCyðk; k 0ÞEðkÞ · ∂syEðk 0Þ�eiðk−k 0Þ·xdk dk 0

�
(72)

where TCC, TCCx, and TCCy are defined by the following equations.

EQ-TARGET;temp:intralink-;e073;114;187TCCðk; k 0Þ ¼
ZZ

SðsÞPðkþ sÞP�ðk 0 þ sÞds; (73)

EQ-TARGET;temp:intralink-;e074;114;139TCCxðk; k 0Þ ¼
ZZ

sxSðsÞPðkþ sÞP�ðk 0 þ sÞds; (74)

EQ-TARGET;temp:intralink-;e075;114;109TCCyðk; k 0Þ ¼
ZZ

sySðsÞPðkþ sÞP�ðk 0 þ sÞds: (75)

The second-order terms in sx and sy are ignored in this equation. We call this formula source
position-dependent TCC (STCC).15
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The sum of coherent systems (SOCS) model22 is conventionally used in optical lithography
simulations to speed up the image intensity integration. SOCS model decomposes TCC into
eigenfunctions and sums up only a small number of the eigenmodes to calculate the image inten-
sity. SOCS model can also be applied to TCCx and TCCy because they are Hermitian matrices.
Then, three TCCs are written as

EQ-TARGET;temp:intralink-;e076;117;531TCCðk; y 0Þ ¼
X
n

αnφnðkÞφ�
nðk 0Þ; (76)

EQ-TARGET;temp:intralink-;e077;117;485TCCxðk; k 0Þ ¼
X
n

βnϕnðkÞϕ�
nðk 0Þ; (77)

EQ-TARGET;temp:intralink-;e078;117;456TCCyðk; k 0Þ ¼
X
n

γnψnðkÞψ�
nðk 0Þ: (78)

where αn, βn, and γn are eigenvalues and φn, ϕn, and ψn are eigenfunctions. These eigenvalues
are real numbers.

Figure 4 compares the image intensities calculated by using Abbe’s theory and the STCC
formula. The optical conditions are the same as in Fig. 3. The root mean square of the image
intensity difference (relative to the ML reflectivity 0.64) is very small, 0.5%. Linear approxi-
mation is a good approximation for NA 0.33 optics. Because the mask magnification is 4×, the
NA on the mask side is only 0.0825. For higher NA optics, we need to confirm if this approxi-
mation is valid or not.

4 CNN for Fast EUV Lithography Simulation

4.1 M3D Parameters
The electric field of the outgoing wave E is calculated from Eq. (7) as follows:
EQ-TARGET;temp:intralink-;e079;117;284

Eðk; sÞ ¼ ikAðk; sÞ − i
k
ððs0 þ pÞ · Aðk; sÞÞðs0 þ pÞ

¼ ikAðk; sÞ − i
k
ððs0 þ kþ sÞ · Aðk; sÞÞðs0 þ kþ sÞ: (79)

EðkÞ, ∂sxEðkÞ, and ∂syEðkÞ in Eq. (70) can be calculated by expanding Aðk; sÞ as a linear

function of the source position s.
Assuming the periodic boundary condition, the scattering momentum k ¼ p − s has a dis-

crete value

EQ-TARGET;temp:intralink-;e080;117;174ðkx; kyÞ ¼
�
2πl
dx

;
2πm
dy

�
¼ ðpx; pyÞ − ðsx; syÞ ¼

�
2πðlp − lsÞ

dx
;
2πðmp −msÞ

dy

�
; (80)

where ðl; mÞ ¼ ðlp − ls; mp −msÞ is the diffraction order. The vector potential
Aðk; sÞ ¼ Aðl; m; ls; msÞ depends on the diffraction order ðl; mÞ and the source position

ðls; msÞ. We denote here the outgoing wave ðA−
x Þlsms

lpmp
in Sec. 2.3 as the diffraction amplitude

Axðl; m; ls; msÞ. The diffraction amplitude is divided into the thin mask amplitude and the
M3D amplitude as follows:

Fig. 4 Image intensities calculated using Abbe’s theory and STCC formula.
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EQ-TARGET;temp:intralink-;e081;114;576Axðl; m; ls; msÞ ¼ AFT
x ðl; mÞþA3D

x ðl; m; ls; msÞ: (81)

The thin mask amplitude AFT
x 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

x ðl; m; ls; msÞ depends on the source position ðls; msÞ.
The contribution of the thin mask amplitude is dominant as shown in Fig. 5. The thin mask

amplitude can be calculated precisely by the Fourier transformation of the mask pattern. We set
the target of CNN to the residual M3D amplitude to reduce the calculation error of the total
diffraction amplitude.

We assume the maximum source size σ ¼ 1. The source area σ > 1 corresponds to the
dark-field illumination, but we do not use this area in lithography. The source position and
the diffraction order are restricted by the source shape and the pupil shape as follows:

EQ-TARGET;temp:intralink-;e082;114;435

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2s þm2

s

q
≤
NA
4

L
λ
; (82)

EQ-TARGET;temp:intralink-;e083;114;389

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðlþ lsÞ2 þðmþmsÞ2

q
≤
NA
4

L
λ
: (83)

We assume the mask size L ¼ dx ¼ dy. The magnification of the projection optics is 1/4.
Only the overlapping area between the pupil and the source has a possibility to contribute to

the image intensity. The center of the overlapping area is ðls; msÞ ¼ ð−l∕2;−m∕2Þ as shown in
Fig. 6. This is the reason why the origin of the linear expansion is ðsx; syÞ ¼ ð−kx∕2;−ky∕2Þ
in Sec. 3.

Fig. 5 Decomposition of the diffraction amplitude.

Fig. 6 Source position dependence of M3D amplitude. The diffraction order of the amplitude is
ðl ; mÞ. The center of the overlapping area between the source and the pupil is ðl s; msÞ ¼
ð−l∕2;−m∕2Þ.
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The M3D amplitude A3D
x ðl; m; ls; msÞ smoothly depends on the source position ðls; msÞ.

Although the source position dependence of the M3D amplitude is not completely linear, a linear
approximation is a good approximation of the image intensity for NA 0.33 optics as discussed in
Sec. 3. We approximate the M3D amplitude by a linear function of source position as follows:

EQ-TARGET;temp:intralink-;e084;117;688A3D
x ðl; m; ls; msÞ ≅ a0ðl; mÞþ axðl; mÞ ðls þ l∕2Þþ ayðl; mÞ ðms þm∕2Þ; (84)

where a0ðl; mÞ is the average of the amplitudes in the overlapping area and axðl; mÞ and ayðl; mÞ
are the slopes of the amplitudes in x and y directions, respectively. We call these three numbers
M3D parameters.

M3D parameters are derived by least square fitting to the amplitudes at the grid points inside
the overlapping area in Fig. 6. The larger ðl; mÞ, the smaller the number of the grid points inside
the overlapping area. If the number of the grid points is too small the overlapping area becomes a
line or just a point. In such case, we approximate the amplitude in the area using only a0ðl; mÞ
and do not use axðl; mÞ and ayðl; mÞ. Therefore, the total number of a0ðl; mÞ is different from that
of axðl; mÞ or ayðl; mÞ. When L ¼ 2048 nm andNA ¼ 0.33, the total number of a0ðl; mÞ is 1901
while that of axðl; mÞ or ayðl; mÞ is 1749.

We now go into more detail on how to calculate AFT
x ðl; mÞ and Axðl; m; ls; msÞ. First,

AFT
x ðl; mÞ is calculated by the FT of the mask pattern using the absorber reflectance Aabs

x and
the ML reflectance AML

x . The absorber (or ML) reflectance is calculated from Axð0;0; 0;0Þ,
assuming the mask is covered (or not) by the absorber. When we insert this amplitude into
Eq. (1), there is no pattern shift between the mask pattern and the image intensity at the
zero-focus position. However, it is known that there is a pattern shift when EM simulations are
used. This is because the effective reflection plane is inside the ML (Fig. 7).23 Therefore, when
calculating Eq. (1) with EM simulations, the pupil function P must include the defocus to com-
pensate for this pattern shift. To be consistent with this, AFT

x ðl; mÞ needs to be multiplied by a
phase factor to cancel this defocusing. We assume the depth of the effective reflection plane zeff
to be 42 nm, which corresponds to the structure of the ML in Ref. 20.

Next, as shown in Fig. 7, the optical path length of the ray with a smaller incident angle (ray
A) is shorter than the optical path length of the ray with a larger incident angle (ray B). This
causes a phase difference between rays A and B, even though there is no diffraction. To exclude
this effect, we multiply Axðl; m; ls; msÞ with a phase factor jAML

x ð0;0; ls; msÞj∕AML
x ð0;0; ls; msÞ.

This phase factor does not affect the image intensity in Eq. (1) because the total image intensity is
the incoherent sum of the image intensities illuminated by different points of the effective source.
This correction makes the incident angle dependence of A3D

x ðl; m; ls; msÞ smoother.

4.2 CNN Architecture
The input of the CNN is a mask pattern, and the outputs are M3D parameters (Fig. 8).
We construct six CNNs for Realða0ðl; mÞÞ, Imagða0ðl; mÞÞ, Realðaxðl; mÞÞ, Imagðaxðl; mÞÞ,
Realðayðl; mÞÞ, and Imagðayðl; mÞÞ. The total number of M3D parameters is 10,798. The larger

Fig. 7 Reflection of the light inside the multilayer.
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the number of targets the harder building a CNN with high accuracy. Therefore, we split the
targets into 1901 for a0ðl; mÞ and 1749 for axðl; mÞ and ayðl; mÞ.

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.

4.3 Example
In this section, we train CNN using one million data. Figure 9 shows examples of mask patterns
in the dataset. These are test patterns of metal layers. Types A, B, C, D, and E include random L/S

Fig. 8 CNN architecture.

Fig. 9 Examples of mask patterns included in the dataset.
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patterns, 14 nm V lines, 14 nm H lines, 14 nm V lines with OPC, and 14 nm H lines with OPC,
respectively. Both the bright field (BF) patterns and the dark field (DF) patterns are included. The
size of the mask pattern is 512 × 512 nm on the wafer. We generate 2000 original mask patterns
for each mask type. Then, we use the data augmentation technique13 to increase the amount of
data by a factor of 50. In the dataset, there are 100 thousand data for each mask type and one
million data in total.

Figure 10 shows the training and validation losses of six CNNs during the training. For the
validation, we generate 500 mask patterns for each mask type. We do not use the data augmen-
tation technique, and the total number of the validation data is 5000. Both the training and val-
idation losses become small after the training. CNN successfully recognizes the characteristics of
metal layers. The training time takes about 40 h using Intel Core i9-10920X CPU and Nvidia
RTX3090 GPU.

After the training, we predict M3D parameters using the mask pattern in Sec. 2.4. The image
intensity on a wafer is calculated by using the STCC formula in Sec. 3.

Figure 11 compares the differences in the intensities between the EM calculation and the thin
mask model using FT of the mask pattern and the difference between EM and CNN prediction.

Fig. 10 Training and validation losses of CNNs for M3D parameters.

Fig. 11 Intensity difference between EM and FT, and the difference between EM and CNN.
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The intensity difference between EM and CNN is much smaller than the difference between EM
and FT. The root mean square of the image intensity difference between EM and FT is 2.5%,
whereas the difference between EM and CNN is 0.9%.

CNN prediction time for M3D parameters is 0.05 s, and the time for image intensity inte-
gration by STCC formula is 0.07 s. The total time is 0.12 s. It is about 2400 times faster than the
computation time using the 3D waveguide model with weakly guiding approximation.

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.

5 Summary
We explain the details of our EM lithography simulator and CNN model, which reproduces the
results of the EM simulations. Our EM lithography simulator uses the 3D waveguide model with
weakly guiding approximation. The model solves Helmholtz-type wave equations. We extract
M3D parameters representing M3D effects from the result of the EM simulation.

CNN model is constructed to predict M3D parameters from an input mask pattern. CNN
prediction is much faster than EM simulation. The computation time of the EM simulation is
∼5 min for 512 nm × 512 nm area on the wafer, whereas the time using CNN is ∼0.1 s.

In this work, the training mask patterns for CNN were metal layers. Our final goal is to build
a universal CNN for arbitrary mask patterns.
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