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Summary
Different from deep ultraviolet (DUV)
lithography, the much shorter wavelength,
all-reflective optics and off-axis illumination
are used in extreme ultraviolet (EUV)
lithography system. The oblique incidence of
EUV light rays and the high aspect ratio of
absorber layer induce pronounced mask
three-dimensional (M3D) effects, which
bring challenges to the EUV lithography
image quality. Computing the diffraction
near-field (DNF) of EUV mask is the
foundation of lithography image simulation.
However, the rigorous electromagnetic field
(EMF) simulation is very slow. This paper
proposes a fast learning-based M3D model
dubbed complex-valued U-Net (CVU-Net)
for EUV thick-mask simulation. The DNF of
EUV thick mask is calculated based on a set
of complex-valued diffraction matrices, and
each diffraction matrix can be rapidly
synthesized using a well-trained CVU-Net.
The network parameters are trained in a
supervised manner. We set up a DNF dataset
to train and test the proposed model.
Simulations show that the proposed method
can significantly improve the speed compared
to the EMF simulator, and outperform
traditional learning-based model in accuracy.

Diffraction Near-Field Dataset
The DNF dataset contains thick-mask patterns,
where (a) is the training set and (b) is the testing
set. Their diffraction matrices are calculated
using EMF method, where (c) shows a thick-
mask and its diffraction matrices.

Synthesis Results of Testing Thick Masks
 Diffraction matrices of the testing masks (a)

and (b) are calculated by the EMF method
(the first and fourth columns), fully
convolution network (FCN) (the second and
fifth columns), and the proposed CVU-Net
(the third and sixth columns).

 Performance metrics of different methods

*Both of these methods were conducted 10 times to calculate the
ATT, the total runtime for the four diffraction matrices.

Tasks

 To improve the computational speed of
thick-mask diffraction matrix;
 To improve the simulation accuracy of

DNF by using complex-valued operations.

Modeling & Methodology
Composition of EUV Mask
A typical thick-mask used in EUV
lithography is mainly composed of three
parts: the absorber layer, the multilayer and
the substrate. The material of absorber layer
is tantalum-nitride (TaN), which has a strong
absorption effect on EUV light. The layout
pattern is etched on the absorber. The
multilayer is composed of 40 alternating
pairs of molybdenum (Mo) and silicon (Si),
which has high reflectivity for EUV light.
The substrate is composed of silicon dioxide
(SiO2). An EUV thick-mask can be
represented by a pixel-based binary matrix,
wherein the mask regions with and without
absorbers are represented by pixels of 0 and 1,
respectively.
DNF Modeling
The DNF of a thick mask is calculated as
follows:

 Ein is the incident electric field to the
mask, and EUV is the complex-valued
diffraction matrices where U = X or Y and
V = X or Y represent the polarizations.
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Therefore, EUV can be separated as:

 E(Real)UV and E(Imag)UV are the real and
imagery parts of the complex-valued
diffraction matrix.

Complex-valued Convolution
 Complex-valued convolution operation

where * is convolution operation, K is a
complex-valued convolution kernel, which can
be denoted as , z is complex-valued
input data, which is denoted as .
 Complex-valued activation operation
Complex-valued activation operations, such as
complex ReLU ( ) and complex Identity
( ), can be used in CVU-Net:

K * = (M * - N * ) + (N * + M * )z x y i x y

ReLU

Identity

ReLU( ) ReLU( )  ReLU( )z x i y= +

Identity( ) Identity( )  Identity( )z x i y= +

Structure of CVU-Net

 The real part of input data of CVU-Net is an
N×N mask pattern, and the imaginary part
of input data is a zero matrix of size N×N.
The output data of CVU-Net is the complex-
valued diffraction matrix.

electromagnetic field
(EMF) method , and
effectively improve the
a c c u r a c y o f t h e
learning-based method.

Simulation Results

Simulation Condition

Parameters Values

Source

Wavelength 13.5 nm

Illumination type Coherent 
Illumination

Incidence angle 6°

Sampling location (0,0)

Mask

Absorber material TaN

Absorber thickness 60nm

Multilayer material Mo & Si

Multilayer thickness Mo: 3nm & Si: 4nm

CD 12-15nm

Methods MSE
E(Real)XX E(Imag)XX E(Real)YY E(Imag)YY

FCN 7.0E-3 1.3E-2 8.0E-3 1.3E-2
CVU-Net 4.5E-3 5.8E-3 4.2E-3 5.2E-3

Methods RMSE
E(Real)XX E(Imag)XX E(Real)YY E(Imag)YY

FCN 8.3E-2 1.1E-1 8.9E-2 1.1E-1
CVU-Net 6.7E-3 7.6E-3 6.3E-2 7.2E-2

Methods Relative RMSE
E(Real)XX E(Imag)XX E(Real)YY E(Imag)YY

FCN 5.36% 6.51% 5.83% 6.22%
CVU-Net 4.39% 4.45% 4.23% 3.94%
Methods Average test time (ATT)*

EMF 2.09 s

FCN 0.13 s

CVU-Net 0.10 s

e lectromagnetic field
( E M F ) m e t h o d , a n d
effectively improve the
a c c u r a c y o f t h e
learning-based method.

Conclusion

A complex-valued convolution neural network
called CVU-Net for M3D model is proposed for
EUV lithography system. Using the complex-
valued operations, the CVU-Net can fuse the
information of the real part and imaginary part of
the diffraction matrices, which further improves
the computational efficiency and accuracy
compared to the traditional learning-based
method. It was shown that the proposed method
can improve the efficiency by more than 20-fold
on average over the EMF simulation. In addition,
the CVU-Net can further reduce the prediction
error of diffraction matrices compared to the
FCN, because it doesn’t ignore the relationship
between the real part and imaginary part, and it
can predict the two parts at the same time.
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