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Introduction

» Wavenology SEM solver is a spectrum EM solver,
mainly focus on solving the near field distribution in
lithography applications, or similar applications.
These applications have following features

[ The incident wave is a plane wave propagating in Z, the plane wave can
be tilted.

1 The boundary conditions in X & Y are bloch-periodic, in Z is open
1 The output field is E fields in user defined regions

(d Need to obtain the reflectance, transmittance and absorptance of the
structures



Following is a typical structure for the EUV application simulated by the SEM solver

£

L ]
TaBO
TaBN

Si

Mo

Top layer

Ru



Following is a typical structure for other applications simulated by the SEM solver

Physical structure of Simulation model
Broadband Tunable in the SEM solver

Terahertz Absorber Jg




» From version 2.0.9 (Nov. 2019), there are two SEM solvers integrated
in the Wavenology Litho Package

[ Version 1 solver/RY: it solves the whole computational domain layer by
layer. Due to the data for the whole domain need to be used, except small
cases, it usually requires external data files to cache the temporary data.
However, it is a direct solver, so it can solve all kinds of setting if the
computer has enough resources: memory & storage.

[ Version 2 solver/??: it employs the Green’s function for the layer media
with Bloch periodic boundary to shrink the real computing region in the
whole domain. By removing the calculation for the field in the layered
background, this solver is much faster compared to the version 1 solver.
Meanwhile, the memory requirement is significantly reduced. For a

typical 10x10 wavelength EUV case, this solver is about 10 times faster
compared to the version 1 solver.

With the same project setup, user can determine which solver will be
used to simulate the project.

[R1] J. Niu, et al, "Spectral element boundary integral method with periodic layered medium dyadic Green'’s function for
multiscale nano-optical scattering analysis®, Opt. Express, 25(20), pp. 24199-24214, 2017.

[R2] Y. Mao, et al, "Calderdn preconditioned spectral-element spectral-integral method for doubly periodic structures in

8
layered media“, IEEE Trans. Antennas Propag., 68(7), pp. 5524-5533, 2020.
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Comparison for 2 Solvers

version 1 solver
— For a case shown in the figure, the

computational domain will include the
whole region shown in the figure

All the fields in the computational
domain will be solved. The solver is a
direct solver.

The solver will detect the total memory
requirement

If the required memory is very large,
part of data will be swapped to data
files in the hard drive

Due to the direct solver is used, this
solver can obtain very accurate results.
However, this solver is not very fast
due to it need to solve all fields.
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version 2 solver

For a case shown in the figure, the solved region will
include the structure and receiver region only, as:

* Zmin = min(Zmin of structure, Zmin of snapshot)

* Zmax = max(Zmax of structure, Zmax of snapshot)
Only the fields in the solved region will be solved

* The number of unknown is determined by the size of

solved region.

* The size of solved region is related to the position of
receiver also. Based on the feature of EUV applications, in
order to reduce the number of unknowns, the receiver is
better to be placed around the structure region

The processing data all are in the memory

This solver employs an iterative solver to solve the
system. Therefore, the accuracy of the results is
determined by the stop criteria.

Compared to the version 1 solver, this solver requires
much less memory and is much faster, but the result
accuracy is not as good as that in the version 1 solver.

In this solver, user can choose using double or single
precision data to solve the system. For the single
precision data, the memory requirement will be shrink
to almost half. Even for the single precision data type,
the pre-processing data is still in double precision.
Therefore, the accuracy of result will be at a similar
level for both two data types.
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SEM Nodal Point

X, Y & Z components has it’s own nodal system
If we define the basis order as (nx=2, ny=2, nz=3)

VA
X Component
Y Y
The tangent components X /
\1, can touch the cell
boundary. The normal /
¢ components can’t touch
the cell boundary. / / /
As shown in left top { /
figure, X component can / / /
Y touch the XZ face of a cell, y y
but will not touch the XY K K K
face.




°* note:

— We suggest to use an order >= 3 in the main
propagation direction, not matter the size of cell
in the main propagation direction. For an order =
4, in general, it will provide a better solution
compared to order = 3.

— For solver 2, if the cell size in Z is about 1
wavelength, we suggest that the order in Z should

be at least 5.



Incident Plane Wave

To define the incident direction of the plane wave, user can input
1) The incident angle directly, or

2) The propagation constant K of the plane wave

The incident angle (©, ¢) definition

Inddent Waves
Please refer to this e gl'’ i T
figure to define the p
incident angle P N P L B -P Y
@ Theta[0,150] and Phi[0, 360] K Value
@) Degree Radian
Theta Phi i

ang i)



The propagation constant K

User need to input the (K,, K) for the 1*¢ layer the incident wave hit the
space, and the sign of K, (the value of K, will be calculated by GUI) .

» For the wave propagates from —Z to +Z, the 15 layer is the bottom layer
» For the wave propagates from +Z to -Z, the 15t layer is the top layer

Incident Waves

Please refer to this 1t g’ i 1
figure to define the "
i .-"'--..:-.'!II f.- - '-""--.:-.'!II &I-- ﬂ.p ;"'--..:-.'!II

incident angle 2
) Theta[0,180] and Phi[0, 350] @) K Value
21 Degree Radian Kz
Ko Ky Kz *
1 |2.19743%56 0 -3.24811e+

Sign of Kz in WCT SEM solver

propagation -Z -> +Z
Kz: +|Kz| (Positive sign)

propagation +Z -> -Z
Kz: -|Kz| (Negative sign)

World Coordinates System
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Project Setting

In order to start a WCT SEM simulation, user need to define following general settings.
Here, we assume user already know how to use WCT GUI to create a WCT EM project. If user doesn’t
familiar with it, please refer to the WCT EM manual or the embedded manual in the WCT GUI.

The domain size, boundary conditions, and 3D geometries for a regular EM simulation
Working wavelength (or frequency). The wavelength is that in the vacuum.

Meshing setting for the SEM solver (not the mesh setting for the FDTD solver)

The order in the SEM solver

Incident plane wave. The input can be incident angle (6,d), or propagation constant
Snapshot definition to export the E field

Solver type: version 1 or version 2

No Uk, WN R

8. For the version 2 solver, there are more options
1) The max iteration number
2) E field polarization: P & S polarization together, P polarization only, S polarization
only
3) Data type in solving: double precision, or single precision

15



The SEM solver setup dialog

. -_ - L - - -
SEM Solver Setup ﬁ

- - = -

() Single Wavelength {in vacuum) or Freq.

Solver Option version 2 -
@ Wavelength  {nm) Freq. (PHz)

Incident Waves SO Ive r
@ Wavelength {in vacuum) or Freq. Range
. ¥ v Z ¥
@ Wavelength {nm) from 13.5 to 22 Mrun 2 Please refer to this S .
] figure to define the B
i) Freq. {PHz) from to Mrun incident angle sy ‘i.-.ﬁz-\il;.'.---.ﬁ?
Mesh (@ Theta[D,180] and Phi[d, 3560] (7 K Value
() Automatic @ Degree () Radian Kz
Paints Per Wavelength (PPW) Synchronize PPWs : P
Theta Phi =
PPW-X PPW-Y PPW-Z [
ang 0 i
Max Adj. Cell Ratio Min/Max Ratio
3 i
(1 Uniform
Mx My Mz More Rows ] [ Remove Empty Rows ] [ Clear

@ User defined {unit:project)
Load ] [ Edit ] ’ Clear

Special X and ¥ Surface for solver version 2

@ Automatic by PPW 10 () Uniform  Mx My
Order Receives along Line
| oC ol
3D Snapshot
Volume Position ¥min 0 ¥max 40.5 ¥min 0 ¥max 40.5 Zmin 52,5 Zmax 66
Sampling Points Mx 31 My 31 Mz 3

Additional 2D Z Plane IndexinZ 1

Saolver options

Options for
Green's Function Length (unit: wavelength, range: 4-100)  default Export Scattered Field E Polarization [P and 5 - .
solver version
Max [teration Mo, 100 [T In-Exact Integration for High Order Base Data Type [Double v] Wavelength Rescale Range [mu v]

toolkits 2 on Iy
Make Mesh Start Simulation Parametric Sweep
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Simulation Types

» Single Simulation
= Simulate the project with a fixed setup

» Sweeping Frequency/Wavelength

= Simulate the project by a range of freq./wavelength, and export the
simulation results for each freq./wavelength

» Parametric Sweeping

= Design the project with variables, simulate the project by a range of
variables, export the simulation results for each value of the variables

» Sweep the mask pattern

= Define the mesh in X & Y as fixed arrays, align/shift the geometries to
match the mesh grid by the mask pattern editor, batch simulate the
pattern. More details can be referred to Appendix I: the mask editor




Set up & Start a Single simulation

SERA Soluer Setun

(@) Single Wavelength (in vacuum) or Freq.

@ Wavelength  {nm) 193 (") Freg. (GHz)

() Wavelength {in vacuum) or Freq. Range

. vz ¥ \Z
@ Wavelength (nm) from | 193 to [193 Nrun | 1 Please refer to this g i
figure to define the B
Freg. (GHz) from to Mrun incident angle Pt S N é..-fi;'_--.ﬂ\'
Mesh () Theta[0, 180] and Phi[0, 360] (@) K Value
() Automatic (@) Degree Radian O] %z
Points Per Wavelength (PPW) Synchronize PPWs
: Kx | Ky Kz *
PPW-X PRW-Y PPW-Z
0.00 0 l—
Max Adj. Cell Ratio Min/Max Ratio i
_ 4 T F
(@) Uniform | |
Mx 8 Ny 8 Nz 3 Maore Rows ] [ Remowve Empty Rows ] [ Clear

() User defined {unit:project)

Load Edit Clear
Order
¥ 4 Yy 4 Z 4
3D Snapshot
Volume Position Xmin  -400 ¥max 400
Sampling Points MNx 101 My 61

Solver options
Green's Function Length {unit: wavelength, range: 4-100)
Max Iteration Mo, | 100

Inddent Waves

Spedial ¥ and ¥ Surface for solver version 2
@ Automatic by PPW 10 Uniform  Nx My

Receives along Line

¥min  -300 ¥max 400 Zmin 0 Imax 68
Mz 3 Additional 2D Z Plane IndexinZ 1
default Export Scattered Field E Polarization |Pand S

In-Exact Integration for High Order Base Data Type |Double Wavelength Rescale Range | 100

toolkits

Start Simulation Parametric Sweep
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Sweeping Frequency/Wavelength

= — — e S -
SEM Sclver Setup ﬁ

(7 Single Wavelength {in vacuum) or Freq.

-.J-'-.-'-Ia'v'el_engﬂ'u (rim) Freq. {PHE) :

. Incident Waves
@ Wavelength (in vacuum) or Freq. Range
i Mz iz Mz
@ Wavelength {nm) from 13.5 to 22 Mrun 2 Please refer to this g .
] figure to define the "
() Freq. (PHz) from to Mrun incident angle Y B )Y g..-a-'_\ia'_---.ﬁv
(@) Theta[0,130] and Phi[, 360] 71 K Value
() Automatic @ Degree () Radian Kz
Points Per Wavelength (PPW Synchronize PPWs
LT ' Theta Phi :
PPYW-X PPW-Y PPW-Z |
ana 0 4
Max Adj. Cell Ratio Min/Max Ratio
() Uniform e
M My Nz More Rows ] [ Remove Empty Rows ] [ Clear

@) User defined {unit:project)

Spedial X and ¥ Surface for solver version 2
Load ] [ Edit ] [ Clear

@) Automatic by PPW 10 () Uniform  MNx My

Order Receives along Line

3D Snapshot
Volume Position ¥min 0 ¥max  40.3 ¥min 0 Ymax 40.3 Zmin  52.5 Zmax ©b
Sampling Points Mx 31 My 31 Mz 3 Additional 2D Z Plane IndexinZ 1

Solver options

Green's Function Length (unit: wavelength, range: 4-100)  default Export Scattered Field E Polarization
Max Iteration Mo, 100 [] tn-Exact Integration for High Order Base Data Type Wavelength Rescale Range m
toolkits

Make Mesh Start Simulation Parametric Sweep
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Parametric Sweeping

SEM Solver Setup

(@ Single Wavelength (in vacuum) or Freq.

Solver Option

wersion 2 -

Max Iteration No. 100

toolkits

Make Mesh

() wavelength  (nm) @ Fre§. (PHz) frea
) Incident Waves
() wavelength (in vacuum) or Freq. Range
. Mz Mz Mz
Wavelength  (nm) from to Mrun Please refer to this 8 .
i figure to define the "
(@) Freq. {PHz) from  freq to |freq Nrun |1 incident angle i Y i A -t
Mesh 1@ Theta[0,180] and Phi[0, 3560] () K Value
() Automatic @ Degree () Radian +z
Points Per Wavelength (PPW) Synchronize PPWs
' Theta Phi A
PPW-X PPW-Y PPW-Z (4
1 ang 0 .
Max Adj. Cell Ratio Min/Max Ratio 2
() Uniform 2
Mx My Mz More Rows ] [ Remowve Empty Rows ] [ Clear
(@) User defined {unit:project]
e Spedal X and ¥ Surface for solver version 2
Load l l Edit ] l Clear i i
(@ Automatic by PPW 10 () Uniform — Nx Ny
Order Receives along Line
3D Snapshot
Volume Position ¥min 0 ¥max  40.5 ¥min 0 ¥max 40.5 Zmin  52.5 Imax 66
Sampling Points Mx 31 Ny 31 Mz 3 Additional 2D Z Plane IndexinZ 1
Solver options
Green's Function Length (unit: wavelength, range: 4-100)  default Export Scattered Field E Polarization

|| tnExact Integration for High Order Base

Data Type |Double | Wavelength Rescale Range (100

Start Simulation

Parametric Sweep

[ ey |

Cancel

In the GUI, almost
all inputs can be
defined by
variables, including
the geometry
parameters, source
definition, working
frequency, etc.

Here, the project
working frequency
and the source
incident angle are
defined by
variables, we are
sweeping these 2
variables

20



Cont.

Define the sweeping variables and the sweeping range

i - TTEEEET RS E— ™
Edit Parameter Sweeping P — — g
List of parameter sets @ @ Edit a variable parameter
Mame | freg choose  freg -
Enable Mame From To Times
es freg 15 22 2 From 15 To 22 Times 2
Yes ang 5] 12 2
Add | Delete | | Modify |

Edit a sequential excitation

Delete Modify

[] Indude the default setting as a parameter set Enable this parameter set (use 'Modify’ button make change)

Start Simulation Apply ‘ oK ‘ ‘ Cancel ‘

21



Sweep Mask Pattern

» For typical Lithographic applications, the base layers, including the Si/Mo bilayers
and the Si substrate, are fixed. Only the absorber layer and the capping layer (mask
layers) will be variant in different applications. Meanwhile, the structures in mask
layers can be decomposed by fixed size boxes due to the fundamental element shape
in the lithographic application is fixed. Based on these features, WCT GUI provides an
editor to generate the mask pattern in a simple way for Lithographic applications and
similar applications .

» The usage of the mask pattern editor and sweeping on the mask pattern can be
referred to here

22



Simulation Results

1. General simulation result for a single simulation

P polarized plane wave source and S polarized plane wave source

Total fields

Scattered fields

Snapshot for cubic volume

Snapshot in rectangular 2D plane (one Z cross-section in the volume snapshot)
Receiver array along lines

Reflectance, transmittance, absorptance

2. Sweeping Frequency/Wavelength

YVVVVVYVYY

> Data file names for each simulation in the sweep

> The single data file for all reflectance, transmittance, absorptance
3. Parametric sweeping

> Data file names for each simulation in the sweep

> The single data file for all reflectance, transmittance, absorptance

> The variables’ value table for each simulation in the sweep

4.  Sweep mask pattern
> Please refer to the Appendix |



General Simulation Result for a Single
Simulation

For a incident plane
wave, there are 2
possible polarization: P
& S, user can determine
which polarization will
be used in the
simulation, or use both
2 polarizations.

The total fields for

» 3D volume snapshot
» 2D planar snapshot
» Receiver array

will be always exported.

The scattered fields on
above position will be
exported by request.

SEM Solver Setup

(@ Single Wavelength (in vacuum) or Freq.

@ Wavelength  (nm) 13.3 () Freq. (PHz)

() Wavelength (in vacuum) or Freq. Range
(@ Wavelength (nm) from | 13.5 to [13.5 Mrun |1

Freq. (PHz) from to Mrun

Mesh

Solver Option

Incident Waves

version 2 -
Please refer to this

vz a -.' VT vz
figure to define the 1’ J “AL
: L D S S S

incident angle ey ey "'"-M..;F‘

() Theta[0, 180] and Fhi[0, 350] @) K value

() Automatic (@) Degree Radian Kz
Points Per Wavelength (PPW) Synchronize PPWs n
Kx Ky Kz
- A - A -
PPWW-X PPW-Y PPW-Z A 2.86502+007 a -
Max Adj. Cell Ratio Min/Max Ratio 2 i Receiver
R ] 1 b
© Uniform array along
MNx My Nz More Rows ] ’ Remove Empty Rows ] [ Clear ] I
Ines
@ T
ez (iErmsel Spedial X and ¥ Surface for solver version 2
Load ] [ Edit ] ’ Clear . . ” . ~
@ Automatic by PPW () Uniform  Mx My
o — 3D volume
TN O oG snapshot
3D Snapshot I
Volume Position ¥min 0 ¥max 40.5 Ymin 0 Ymax 40.5 Zmin 525 Zmax 66 2 D Ia ne
Sampling Points Mx 31 My 31 Mz 3 Additional 2D Z Plane IndexinZ 1 p
Solver options sna ps h Ot
Green's Function Length {unit: wavelength, range: 4-100)  default [~ Export Scattered Field E Polarfeation CrOSS-SeCtI on
Max Iteration Mo. 100 ] InExact Integration for High Order Base Data Type |7[‘ouble + [ Wavelength Rescale Range |100 1 | n the
toolkits |
volume
snapshot
] s P
Request to export scattered fields Source
polarization type 24




Data file name & format for exported data

The data files will be stored in the sub-folder:
Project folder\Project name res\sem\

S@v| . v Computer » EBExtl (D:) » sim_case » sem » demo_vd » 3layer_hole » case 002_eng2 1 res » sem

Organize « Include in library «
Project folder —> | 3layer_hole
Project result folder —>  Ji case 002_eng2 1 res
J load
—> | sem

SEM result folder

Mew folder
Mame . Date moc
Ica-se-lii]E- E-nEE-l_:rta p.bet 3/6/20201
Icas.e 002_eng2_1jrta_s.bd I--i 3/6/20201
I_,:case_DUE_vangE_ljlsnapshntEU‘-!_ki_pllfilal.txt 3/6/20201
| jcase_002_eng2 1 jsnapshotEUV_i) plile2 bt 3/6/20201
I_,:case_DUE_EHQE_l_:snapshu:utEU‘-!_k#_p:scﬂ.trt 3/6/20201
case 002 _eng2 1I5ﬂap5thEU1'.lr IC: p:sctEt:d: 3/6/20201
:case 002_eng2 1|5,r1ar:|5h|:utEU‘-.|r k! s_fllv.=-_'l. tt 3/6/20201
| |lcase_002_eng2 1It'~,r1ar.lshu:utEU‘-.nr k] 5_f||e2 tt 3/6/20201
I_jcase_ﬂﬂE_engE_ljlsnapsh u:utEU‘-f_k]_s_'scﬂ..trt 3620201
I_};q;x;(]ﬂ?_augj_‘_l}snapsh u:utEU‘-f_I(i_s_!sctE.trt 36,2020

Project name P or S polarization source

xxx_filel.txt: 2D planar snapshot E total field
xxx_file2.txt: 3D volume snapshot E total field
xxx_sctl.txt: 2D planar snapshot E scattered field
xxx_sct2.txt: 3D volume snapshot E scattered field
xxx_rta...txt: Reflectance, transmittance, absorptance
xxx_RecvArray_p tot.txt: E total field at receiver array for P polarization source
xxx_RecvArray_s sct.txt: E scattered field at receiver array for S polarization source

Here, “xxx” is the project name

25



Data file format

Basically, all SEM data files are ASCII text files.

1) 2D/3D Snapshot data file format is 9 column array as following

Y Ey Ey
real |imag

here, the coordinates (x,y,z) of the sampling point use the project unit. For
example, if the project unit is nm, the (x,y,2)=(1,2,3) is (x,y,z)=(1nm, 2nm, 3nm)

The sampling positions in the snapshot is generated by following for-loop

for x
fory
for z

Appendix Il has an example of using Matlab code to load and show the snapshot data.
26




Cont.

2) For the receiver array along lines, data file format is 9
column array as following

Y Ey Ey
real |imag

Receiver
array along
line 1

Receiver
array along _
line 2

here, the coordinates (x,y,z) of the sampling point use the project unit. For
example, if the project unit is nm, the (x,y,2)=(1,2,3) is (x,y,z)=(1nm, 2nm, 3nm)

27



Cont.

3) For the data file for reflectance, transmittance, absorptance, there are 2
rows. 1%t row is the comment, 2"9 row is data. Following is an example

%Reflectance, transmittance, absorptance
0.187338  0.553233  0.259429

28



Simulation Result for Sweeping
Freq/Wavelength

Basically, each freg/wavelength in the sweep will generate following independent

data files

»  Snapshot for cubic volume
»  Snapshot in rectangular 2D plane (one Z cross-section in the volume

snapshot)
»  Receiver array along lines

Only all reflectance, transmittance, absorptance will be stored in the same data file

Following is part of data files for freq sweeping case

Mame .
|| case_3_eng?_sweep_1_rta_p_sweep.bet
| case_3_eng?_sweep 1 _rta_s_sweep.bdt
| case_3_eng?_sweep_1_snapshotEUV_K1_p_filel
|| case_3_eng2_sweep_1_snapshotEUV K1 _p filel
| case_3_eng?_sweep_1_snapshotEUV_ K1 _p file2
|| case_3_eng2_sweep_1_snapshotEUV 1 _p file?

|| case_3_engl_sweep_1_snapshotEUV k1 _p_sctl

wi_13.5
wi_22.t
wl_13.5
wi_22.t
wi 13.5

57878

As can be seen, there is string
as “wl_xxx” in the file name,
which means: wavelength=xxx
This string is used to distinguish
the case setup for this sweep.

29



For the data file for reflectance, transmittance, absorptance, there is clear
comment in the file. Following is an example

Cont.

% Wave Computation Technology SEM solver freq. sweep result for
reflectance, transmittance and absorptance. Version 1.0

% Reflectance transmittance  absorptance

% wl=13.5

0.605693  0.285223  0.109084

% wl=22

0.00176385  0.912923  0.0853132

30



Simulation Result for Parametric
Sweeping

The sweeping result will be stored to the sub-folder “para_sweep” under the SEM
result folder “sem”.

e b sem b demo_wd » parametric_sweep b case 3_para_sweep_l_res b sem b

I-A-.-_' i i |

Share with = Mew folder

Mame Date modi

para_sweep 5/30/2020

Each case in the sweeping will generate following independent data files
»  Snapshot for cubic volume
»  Snapshot in rectangular 2D plane (one Z cross-section in the volume snapshot)
»  Receiver array along lines

Only all reflectance, transmittance, absorptance will be stored in the same data file



Cont.

Following is part of data files for parametric sweeping case

Mame

|1 case_3_para_sweep_1_para_run_info.txt

| | case_3_para_sweep_l_rta_p_sweep.be

|| case_3_para_sweep_l_snapshotEUV_I1_p_filel
|| case_3_para_sweep_1_snapshotEUV_k1_p filel
|| case_3_para_sweep_l_snapshotEUV I _p_filel
|| case_3_para_sweep_1_snapshotEUV_l1_p filel
|| case_3_para_sweep_1_snapshotEUV_K1_p_file2
|| case_3_para_sweep_l_snapshotEUV_ld_p_file2
|| case_3_para_sweep_1_snapshotEUV_l1_p file?
|| case_3_para_sweep_l_snapshotEUV I _p_file2
|| case_3_para_sweep_l_snapshotEUV_l1_p_sctl

As can be seen, there is string as
“run_x" in the file name, which
means it is xth case in the sweep, the
corresponding values for all paramters
can be refer to the file

\”xxx_pa ra_run_info.txt”

Here is an example of the “xxx_para_run_info.txt”

Run=1, Paramaters: freq = 15; ang = 6
Run=2, Paramaters: freq = 15; ang = 12
Run=3, Paramaters: freq = 22; ang =6
Run=4, Paramaters: freq = 22; ang = 12

32



Cont.

For the data file for reflectance, transmittance, absorptance, there is clear
comment in the file. Following is an example

% run =1, paramter: freq = 15; ang=6
0.0351881 0.886933  0.0778788
% run = 2, paramter: freq = 15; ang = 12
0.030703  0.886425  0.0828717

% run = 3, paramter: freq=22; ang =6
0.594399 0.298691 0.10691
% run = 4, paramter: freq = 22; ang =12
0.136531  0.793829  0.0696406




Display Simulation Results

After the SEM
simulation, use
this menu item to
load the 2D or 3D
snapshot data

3D & 2D shapshot

{

Tools | Help

Validate Design

Preprocessing

Build Material Library
Load Material Library

Save as Design Template

Load Design Template

Export current project 5 Parameter in 51P file
Export 5 Parameters in SnP file

Calculate ECC for MIMO

Cylindrical Elastic Wawve Solver Options

#i# Display 3D Volume Result/Data

Coad SENT ZD REfTECtanee eie. Uatd

Addtional Mesh Tools »
Special TEM Mode Waveport Sclver Options

Start Simulation Manager

Additional PEC/PMC face info in exporting mesh
License server

Clear Log
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In the new canvas, right click mouse to popup a menu to load SEM simulation result

1
02

1 3D Violume Result Toolbar

: Component

v]T\)tpe[rlﬂagni'q..lde v].ﬂxis[x v]Formatl :| Op | ;Jv g B O0008F | 5 o8

3D Volume Data

-
Load WCT Imagimg Solver Result

Load WCT SEM Solver Result “

Load WL T image tfrom time reversal scheme

Note: in displaying the
SEM snapshot data. The
data range for the colorbar
include all data in the data
file.

For the “xxxx_x_file2.txt”,
it is the volume snapshot
data. Therefore, the
shown single frame may
not cover the full range
the data range shown by
the colorbar.

For the “xooxx_x_filel.txt”,
it is a single frame in the
volume snapshot.
Therefore, the shown
single frame will cover the
full range shown by the
colorbar.
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If the project has the SEM simulation result, the data folder
is automatically set to this simulation’s result folder

o

Load WCT SEM solver result

=2

—— —
UU | . = casel _3layer_hole » case 002_res » sem - | +3 | | Search sem D |
Organize « Mew folder == « [ @
> Favorites - Mame Date modified Type
Jh
B Cesktop || case 002_snapshotEUY_kL_p filel bt 11/29/2016 10:08 ...  Text Docu
4. Downloads || case 002_snapshotEUV_k1_p_filed bt 11/29/2016 10:08 ...  Text Docu
%% Dropbox | case_002_snapshotEUV_l] _s filel et 11/29/2016 10:09 ...  Text Docu
& Google Drive : || case 002_snapshotEUY_k1_s filed.txt 11/29/2016 10:09 ...  Text Docu
:h_; Recent Places
- Libraries
@ Documents TN
J’-‘ Music
[ Pictures
=l Subversion
E Videos
'E. CArmnntar il 1 | il | 5
File name: - [Tﬂ't (" tet) ']
[ Open ] ’ Cancel ]




The toolbar has many options to control different components, displaying type, etc.

"0 Vo rent oot DD
Component Type |Magnitude v | Axis |Z v] Format |Linear v |0 :
X

: IEy
3D Volume DzEz
F B
3D 5taggered Volume Data Dispalying Coentrol . g
Color Mapping Options
@) Whole Volume () Displaying Region () User define  Linear dB

[0.76538, 1.27154] Min [0.76538 Min [-2.32246
Max |1.27184 Max |2.08868

Displaying Range. Unit: pixel {i.e. mesh cell)  (note: cut out regions will be shown as the minimum value of the remained regions)

Xaws (v [0,30], Z [0,2]) Yas (X [0,30], Z [0,2]) Zaxis (X [0,30], ¥ [0,30])
I:@:I All |§| All |§| All
() Shrink () Shrink (1 Shrink
‘|"n1ir1|E| | ‘fmax| 30 | Xmir|||:| | xmax| 30 | Xmir1||:| | xmax| 30 |
Zmin|El | Zmax |2 | Zminlzl Zmax \"mir1||3l | Ymax| 30 |
() Cut off regions | Edit | () Cut off regions | Edit | () Cut off regions | Edit |
Misc,

Color Type Tansparency O
o ]
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Use the frame index to show different cross-sections

| — — —
le "]Axis[z v]Fl::rmat[Linear F]U ql ol O 0D00C0F |&gad :de v].ﬁ.xis Format[u"ear :] E:l O | e O bDogoopE | Cl=a=
™30 Volume Data

t I

3D Volume Data @

=]

Sl le—
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1D reflectance, transmittance, absorptance
curve in freg/wavelength sweeping

Tools | Help

i Validate Design
| Preprocessing

3 Build Material Library

In the sweeping, all reflectance, Load Material Library
transmittance and absorptance save as Design Template
. . . Load Design Template
are stored in the same file, it can _ N
. . Export current project 5 Parareter in 51P file
be loaded in GUI and displayed Export S Parameters in SnP file
as 1D curves Calculate ECC for MIMO

Cylindrical Elastic Wave Solver Options

Dizplay 230 Volyme Resylt/Data

Load SEM 2D Reflectance etc. Data

Addtional Mesh Tools L
Special TEM Mode Waveport Solver Options
Start Simulation Manager

Additional PEC/PMC face info in exporting mesh
License server

Clear Leg




If the project has the SEM simulation result, the data folder will be
automatically set to the simulation’s result folder: “xxxx_res/sem”.

Load the file “xxx_rta_... sweep.txt”, the curves will be shown as following

ber_sig_2000_suw_res » sem - | ¢f| | Learch :

i,

|| W02 absorber_sig_2000_sw_rta_p_sweep

|| W02 absorber_sig_2000_sw_snapshotELW_k1 p..
|| W02 absarber_sig_2000_sw_shapshotELW_k1 p..
|| W02 absorber_sig_2000_sw_snapshotELNY k1 p...

W02 absorber sig 2000 3w snapshotELY k1 p..,

[N T R T )

1.0

09

0.8

0.7

Title

m

X axis is the case index in the sweeping
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Demo

Here, we will show how to build the project for SEM simulation purpose,
including the cases for the single simulation and the sweeping simulation.



Simulate a 3 layers structure
with a hole

Demo (1)

Air

MoSi

Glass

This red box
is an air box

in MoSi layer
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1. Define project unit as

Use nanometer
as length unit

~

Project Design

Unit | Background | Boundary I Frequency and Pulse I Mesh | Time |

Length nanometer -
Time nanosecond -
Frequency gigahertz -

@ 10 with Frequency (GHz)

() 1j0 with Wavelength in vacuum  {nm)

Action option when length/ffreq. unit change
@) Scale whaole system

i) Keep the system value unchange

Coc ) [ oo | (oo
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2. Boundary conditions as

.
Project Design

| Unit | Background

Boundary | Frequency and Pulse | Mesh I Time |

¥ Boundary {nm)

¥ Boundary {nm)

¥min Periodic at input position * Positon  -400

¥max Periodic at input position * Position 400

Ymin Periodic at input position * Positon  -400

Ymax Periodic at input position * Position 400

Z Boundary {nm)
Zmin Open at input position * Positon -136
Zmax Open at input position * Positon 68

X & Y are periodic, Z is open
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3. Define new material Glass & Mosi as

il e il =
Edit Material |t Edit Material |
General | Electromagnetic | Elastodynamic General | Electromagnetic | Elastodynamic

Mame Color Mame Color

Type Type

Mormal - Edit dispersian Mormal - [ Edit dispersion ]
Relative permittivity Relative permeability Relative permittivity Relative permeability

2,443 1 5.1463 1

Electric conductivity Magnetic conductivity Electric conductivity Magnetic conductivity

0 0 2,373e5 0

Electric loss tangent Magnetic loss tangent Electric loss tangent Magnetic loss tangent

] o 0 ]

o] [ [ o] [ ] [




4. Define layered background

.
Project Design

Unit | Badkground | Boundary I Freguency and Pulse I Mesh | Time |

Homogeneous Background Material

Use Layered Medium

Layer Stack Orientation

Mosi

(Mote: The bottom position and layer thicknesses are along
the stack orientation, Double dick to begin each cell edit.)

Top

Bottom

Bottom Position or
Layer Thickness

68
-5a

Material Action
Air
add

Help

Cancel
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5. Place an air box in the correct position

3D body editor | % |
Mame Bodyd01 Material | Air hd ] Mesh
Transparency L
.
0 0 100 Box Edition [ S|

U

[H-njlagcse®| = %=

=k~ History
e (Add)Box::Shapel

Mame

Lower Corner
Upper Corner
LCS Qrigin
Box X Axis

Box Y Axis

Shape1
-400+200, -400+100, -68

-400+2004200, -400+100+2

0,0,0

1,0,0
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After these steps, a physical environment is build as following. Then,
we will setup the SEM solver to get the near field distribution
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In WCT GUI, click this button

Popup the SEM solver setting dialog as

For the
meaning of
order, please
read the
next page

i

IENE

5}
" 1
&

Run 5EM Simulation

o

toclkits

Make Mesh

Data Type

Start Simulation

Parametric Sweep

Cancel

etefigth Rescale Range

e . o
SEM Solver Setup ﬂ
@) Single Wavelength (in vacuum) or Freg.
@ Wavelength  (nm) 193 () Freq. (GHz) £
. Incident Waves
() Wavelength (in vacuum) or Freq. Range
) v Z v Z vz
@ Wavelength  (nm) from | 193 to | 193 Mrun |1 Please refer to this e .
figure to define the §
Freq. (GHz) from to Mrun incident angle 2y U ety
Mesh () Theta[0, 180] and Phi[0, 360] @ K Value The sign of K is
() Automatic (@ Degree Radian +z lained i
Points Per Wavelenath (PPW) Synchronize PPWs o | I« |- exp ainedin
' | | .
: : . this page
PPW-X PPW-Y PPW-Z 3 19743525 0 hl_
Max Adj. Cell Ratio MinMax Ratio i
_ 'l n
@) Unifarm l |
MNx 8 Ny 8 Nz 3 ’ More Rows l ’ Remeove Empty Rows l l Clear ]
(") User defined (unit:project]
) User defined (unit:project) Special X and Y Surface for solver version 2 'l
Load Edit Clear . .
@ Automatic by PPW 10 () Uniform  Mx My
Order Receives along Line
Click this
3D Snapshot
Volume Position ~ Xmin  -400 Xmax 400 ¥min 400 Ymax 400 Zmin O Imax 68 button to
Sampling Points Mx 101 Ny 101 Nz 3 Additional 2D Z Plane IndexinZ 1 sta rt the
1 /
Solver options S E M
Green's Function Length {unit: wavelength, range: 4-100)  default || Export Scattered Field E Polarization, = . .
simulation
Max Iteration Mo. 100 ["]in-Exact Integration for High Order Base
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The incident wave can also be set up by
the incident angle directly, as following

S|

Solver Option ['uersiun 2 v]
Incident Waves
ANz ANz ANz
Mrunm |1 Please refer to this g .
figure to define the "
Mrun incident angle 2y By i"g Ty
(@ Theta[0, 180] and Phi[0, 350] (71K Value
@ Degree () Radian Xz
Pis
“ Theta Phi 2
1 3.87 0] l_l
2
T
Mare Rows ] [ FRemove Empty Rows ] [ Clear

Both 2 setup for the incident wave will obtain the
same simulation results.



After the SEM simulation start, the simulation
progress and status will be shown in WCT GUI
—(ul=] g

LeO80000|g| &0 6|6
ES et |

Hir Wavenology EM (x64) - case_002 -

File Edit View Coordinates Simulation Postprocess Tools Help
EX Y R =
| & | | ver | e B | P

|- ] k| @ | % 3 Q| & |
Project
= case_002 -
E@ Design I

_____ & Sources Body001 £ Ajr, Unit: {nm)
hounding box: (-200,-300,-68) , (0,-100,0

size: (200 % 200 % 68), center: (-100, - 200, -34)

----- <& Observers

s

-----  Lumped Ports
..... o Wave Prrte i (EF,SE:I=I:1 ,l:l:I s (ur}smj:{‘l ,l:l:I

4 | 1 | F

Log

Finish SEM simulation...

Simulation data folder: D:\sim_case\sem\tase1_3layer_hole\case_002_res\sem

SEM simulation is completed normally at 11/28/16 16:358:08, Total simulation time is 20,402 seconds,

Validating the design for using SEM solver......

SEM simulation has been started at 11/29/16 22:07:59 by Wavenology EM 2.0.1 (x64)

The SEM salver start.....cooei,
The order used in solver is: [2, 2, 2]
The cell number is: [&, &, 3]

...Incident wave 1, P Polarization: (0.9990&7, 8. 73412e-008, -0.0431855)

| 19/100
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Simulation Results

The simulation result is stored in the sub-folder: xxxx/xxxx_res/sem.
Here, xxxx is the project name.

(1) Total field only (don’t set the “export scattered field” flag)

Each plane wave will create 4 files

case 002 _res » xxxx_p_file2.txt: p polarization, the
casel_3layer_hole volume snapshot data
case_002_tmp k o
case_002_res » xxxx_p_filel.txt: p polarization,
case 002 _usr -
load . additional 2D snapshot data
cerm =] case 002.wnt > xxxx_s_file2.txt: s polarization, the

volume snapshot data
» xxxx_s_filel.txt: s polarization,
case_002_usr additional 2D snapshot data

case_002_tmp

| case_002_snapshotEUV_K1_p_filel bt

A casel_3layer_hole ]
| case_002_snapshotEUV_K1_p_filed bt
d case_(002_res ]
. | case 002_snapshotEUV k1 _s filel.bet
oa
| case 002_snapshotEUV k1 _s filed. bt
SEM

case_002_tmp

case 002 _usr

52



(2) Total field with scattered (set the “export scattered field” flag)

| load
. SEem
. case_002_1_tmp
= 1) case 0021 usr
» 1) case 002 _res
. case_002_tmp
» 0 case_ 002 _usr
» ) casel_B5layer_structure
0 cased_100Layer_30wl_structure
. case3_13.5nm_3layer

Each plane wave input will create additional 4 files for scattered
field for corresponding total field

» xxx_p_sct2.txt: p polarization, the volume snapshot data

» xxx_p_sctl.txt: p polarization, additional 2D snapshot data
» Xxx_s_sct2.txt: s polarization, the volume snapshot data

» xxx_s_sctl.txt: s polarization, additional 2D snapshot data

-~

Mame : [

| case 002 1_snapshotEUV_k1_p_filel bt
case_002_1_snapshotEUV_Id_p_filed bet
case_002_1_snapshotEUV_k1_p_sctl bt
case_002_1_snapshotEUV_ld_p_sct2 bt
case_002_1_snapshotEUV_k1_s_filel bt
case_002_1_snapshotEUV_Id _s filed bt
case 002_1_snapshotEUV_kl _s_sctl.bd
case_002_1_snapshotEUV_ld _s sct2.bet
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» SEM simulation data file format: TEXT

Each row has the E field at one sampling point.

The number of data is defined in the solver’s snapshot definition part. The output
file includes the E field data only, there is not nX, nY, nZ and range information

Pos. x Pos. y Pos. z Real(ex) Imag(ex) Real(ey) Imag(ey) Real(ez) Imag(ez)

—

row.

The for loop to generate the data is:
for x
fory
forz
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Displaying 3D/2D SEM Snapshot in the GUI

[ Teols | Help
{1 Validate Design

| Preprocessing

Export EM Field

3 Build Material Library
Load Material Library

Save as Design Template

Load Design Template

Export current project 5 Parameter in 51P file
Export 5 Parameters in SnP file

Calculate ECC for MIMO

Cylindrical Elastic Wawve Solver Options

#i# Display 3D Volume Result/Data
Load SEM 20 Reflectance etc. Data

Addtional Mesh Tools 3

Special TEM Mode Waveport Sclver Options

Start Simulation Manager

Additional PEC/PMC face info in exporting mesh

License server

Clear Log




In the new canvas, right click mouse to popup a menu to load SEM simulation result

1
02

1 3D Violume Result Toolbar

: Component

v]T\)tpe[rlﬂagni'q..lde v].ﬂxis[x v]Formatl :| Op | ;Jv g B O0008F | 5 o8

3D Volume Data

-
Load WCT Imagimg Solver Result

Load WCT SEM Solver Result “

Load WL T image tfrom time reversal scheme

Note: in displaying the
SEM snapshot data. The
data range for the colorbar
include all data in the data
file.

For the “xxxx_x_file2.txt”,
it is the volume snapshot
data. Therefore, the
shown single frame may
not cover the full range
the data range shown by
the colorbar.

For the “xooxx_x_filel.txt”,
it is a single frame in the
volume snapshot.
Therefore, the shown
single frame will cover the
full range shown by the
colorbar.
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Demo (2): Building a EUV case with 85

layered structures

Because the demo case 1 is already go through the whole procedure of
simulating a WCT SEM project. Here, we will demonstrate how to build the
layered background in a EUV simulation.

For a typical EUV case, there are 40 bi-layers at the domain bottom, there are
2 ways to build these layers, |

» use array of boxes: these boxes touches the XY boundary
» advantage: in general, 3 actions are required to build this 80 layers
» disadvantage: when this case need to modify the size in X or Y, user need
to modify the boundary position and boxes size also, each direction need 1-
2 actions

» build 80 layers one by one manually in the layered background setting
» advantage: when this case need to modify the size in X or Y, user only
need to modify the boundary position, 1 action
» disadvantage: user need to build 80 layers one by one, 80 actions for the

15t case.
Following is the steps to build these 80 layers




We assume the materials used in this project has been
created, the materials for this bi-layers is layerl and layer2,
respectively. The project’s unit in length is nm.

The Z position of bottom layers is shown as the figure,

The layer with the material layerl has a thickness
as 2.78 nm; the layer with the material layer2 has
a thickness as 4.17 nm.

The Z position of the lowest interface for these
bi-layers is -280.5 nm, as shown in the figure.

The domain size in X and Y both are 40 nm.

7=-2.5 —;

=278

40x(4.17+2.78)

40x40

Unit:
nm




Method (1): Using “Array Copy” on 2 boxes to generate 40 bi-layers

1. We define variables: x=40.5, y= 40.5,
thick1=2.78, thick2=4.17

- 4
Variables u
. . Mote: Vaseblede-capineansit
X 0.5 Namg (thick2) thick2
¥ 40.5
thick1 2.78 Inpuf_ 4.17
alue |4.17

Reserved Variable Names

piyet;

Build-In Functions

sin(); cos(); tan(); asin(); acos(); atan(); -
sinh(); cosh(; tanh(); asinh(); acosh(); atanh();

log2();log100);In0;
exp(;abs();sqrt);
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2. Set project size as following

-

Project Design

| Linit | Background | Boundary |Frequency and Pulse I Mesh | Time |

¥ Boundary (nm)

¥min Periodic at input paosition * Positony O
Emax Perindic at input position * Positiory x
¥ Boundary (nm)
Ymin Periodic at input paosition * Positony O
max Perindic at input position * Positiory | v
7 Boundary (nm)
Zmin Open without gap * | Position | -300
Zmax Open without gap *  Position |80
o] [Comy | [coe
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2. Build 1%t box as following input

-

Box Creation

Mame box1

Transparency
0

Box Parameters

Lower Corner

0,0, -280.5

Upper Corner

Materigl

layer1

W, y,-280, 5+thick1

LCS Origin 0, 0,0
U Axds 1,0,0

V Axis 0,1,0

100
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3. Build 2" box as following input

-

Box Creation

Mame box2

Transparency
]

Box Parameters

Material

layer2

Mesh

a2

Lower Corner

Upper Corner

0, 0, -280,5+thick 1|

X, ¥, -280.5+thick 1-+thick2

LCS Origin 0, 0, 0
U Axis 1,0,0

V Axis 0,1,0

100

Then, we can see these 2 boxes
shown as the right figure.

box2
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4. Then, select “box1” & “box2”, making “Array copy”, with
following inputs, the 40 bi-layers can be created.

----- i Lumped Ports | Al %
----- g Wave | Hide
-5 Circuit _ Array Copy u
..... eooplsop ot
_____ . Particl Change Mame
Array Mame arrd 1 Checdk Mame
-1l Excitat Change Material [
- Materl Change Transparency [
----- g f;:lr Modify Mesh Direction 1: Displacement (x,y,z) 0, 0, thickl+thick2 Mumber of Copy 40 .
""" B lay Delete
..... B lay, [ Direction 2: Displacement (x,v,2) |0, 1, 0 Mumber of Copy |1
..... B bo Array Copy
..... @ e
O] mirection 3: Displacement (c,v,z) (0,0, 1 Murnber of Copy |1
""" g SEN Mirror ]
..... SEH ]
..... B =er Rotate Displacement of First Array Element [
..... B ser Scale Goy,2)  0,0,0 Delete Original Union the array as one body
----- Chip Ir Split e
end” Curves _
_____ D Faces Dizassemble 0 aK ] [ Faned ]
E"‘ Solids Move to Component : [SE—
- : :"E 576 (@05 %405
o H‘ (er,5e)=(0.997995

5. After this 40 bi-layers are created, others structures can be

built on the top of these layers.
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Method (2): Directly building 80 layers one by one

1. Go to the “Project Design” dialog, switch to “Background” page,
enable “Use Layered Medium” option

F N
Project Design E

Unit | Background | Boundary | Frequency and Pulze | Mezh |T|me |

Homogeneous Background Material Air

Use Layered Medium

Layer Stack Orientation

(Mote: The bottom position and layer thicknesses are along
the stack orientation. Double dick to begin each cell edit.)

Bottom Position or
Layer Thickness

Top Air

Material

Action
Add
L]

Bottom (0.0 Air

oK. ] [ Apply ] [ Cancel




2. Define the bottom interface is “-280.5”, below this interface, the

material is “Air”

-

Project Design

Lnit Background | Boundary I Frequency and Pulse I Mesh | Time |

Homogeneous Badkground Material

lUse Layered Medium

Layer Stack Crientation

Sem_5

{Mote: The bottom position and layer thicknesses are along
the stack orientation. Double dick to begin each cell edit.)

Bﬂlst:eﬂ: m't'““ . Material Action
Top Air
Add
Bottony (-230.5 Air -
= l ’ Apply l ’ Cancel
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3. Then add the 15t layer as following operations

r = B A
Project Design ‘A M

Unit | Background | Boundary | Frequency and Pulse I Mesh I Time |

Homogeneous Background Material sem_5

Use Layered Medium

Layer Stack Orientation D

(Note: The bottom position and layer thicknesses are alang
the stack orientation. Double dick to begin each cell edit.)

Bottom Position or

Layer Thick Material Action

Air
2,78 layer 1 b
FOTLONT |50, layer1
Air |
ayert
L layecs
bot
sem_1

sem_2
Coms cone
sem_4
S
..Create New Material
...Import from Lib

Input the layer
thickness as

“2.78”
Double click the

material box to
select the
material for this
layer as “layerl”

-

Project Design

e .

S |

Unit | Background | Boundary | Frequency and Pulse I Mesh I'I'lme |

Homogeneous Background Material

Use Layered Medium

Layer Stack Qrientation

sem_5

(Mote: The bottom position and layer thicknesses are along
the stack orientation. Double dick to begin each cell edit.)

B“L';t:e“:m'h"l DT> Material Action
Top Air
2.78 layeri -
Bottom |[-230.5 ir
o [ ey | [ cance |
Click “Add” to generate
this layer
Bottom Position or = =
Layer Thich Material Action
Top Air
1 2.73 layer1 -
Bottom |-280.5 Air -
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-

4. Then add the 2" layer as following operations

S

e o g
roje sign 4

Unit | Background | Boundary | Frequency and Pulse | Mesh | Time |

Homogeneous Background Material sem_5

Use Layered Medium

Layer Stack Orientation E

(Mote: The bottom position and layer thicknesses are along
the stack orientation. Double dick to begin each cell edit.)

Bottom Position or a a
Goe T Material Action

1 2)'<3 Air
Bottom |-250.5 thin

sem_1
sem_2

sem_3
Help Osem_4

sem_5

— ...Create New Material
...Import from Lib

i s,
s =
roje sign 4

=)

Unit | Background | Boundary | Frequency and Pulse IMesh I Time |

Homogeneous Background Material sem_5

Use Layered Medium

Layer Stack Orientation E

(Mote: The bottom position and layer thicknesses are along
the stack orientation. Double dlick to beqgin each cell edit.)

Bottom Position or

i Material Action
Top ir
4.17 Air
1 2.78 layeri

Bottom |-280.5 Air *

Help OK][hppivH

Cancel l

Input the layer

thickness as

“4.17"”
Double click the
material box to
select the
material for this
layer as “layer2”

Click “Add” to generate

this layer
Bottom Position or = =
Lo Material Action
Top Air
1 2.78 layer1 -
Bottom |[-280.5 Air e |
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5. Repeat step 3 & 4 to create all 80 layers.

6. After this 40 bi-layers are created, others structures can be
built on the top of these layers.



oLt

User can use following action to check whether

each layer is correct or not. ) )
y Hit each layer in

the 3D canvas

[View] Coordinates  Simulation  Postprocess  Tools

Toolbar r E
Window 3
-
Zoom In 1
1 Zoom Qut
: View Mode r
f Advance 4
i
1 Reset View

Autofit View to Selected Body
Front Yiew

Back View

Left View

Right View

Top View

Bottom View
Color Options

RCS Radiation Pattern r

v Allow background selectable as solid/face

Z axis upward

Mew 2D Canvas

C— =
Background / layerZ , Unit: (nm)
Check layer’s information hounding hox: (0,0,-6.67) , {40.5,40.5,-2.5)
in the screen size: 405 x405 %417, center; (20.25,20.25,-4.585)
(er,se)=00.937333 4432) , (ur,sm=(1,0




If user thinks that input 80 layers by hand is too tedious, he can use a
simpler way to define this 80 layers by editing the WNT file directly.

> after steps 3 & 4, 2 layers are created.
» close the project & close WCT GUI
» use “Wordpad” or “Notepad” to open the

project’s WNT file, user can see the information for

these 2 layers

}

Background {
Layered-Medium {

Direction &

Bottom {

Material &ir
Positoin -—-280.5

1

Layer { // 1
Material layerl
Po=zitoin 2.78

}

Layer { // 2
Material layerZ
Positoin 4.17

1

Top |
Material Rir

»

Copy & Paste
these 2 layers
to make it to

80 layers.

Then, save
this WNT file
and quit
“Wordpad”.

Use WCT GUI
to open this
project again.

Bottom {

Material 2Rir
Positoin —280.5

h

Layer { // 1
Material layerl
Positoin 2.78

}

Layer { // 2
Material layer:Z
Positoin 4.17

1

Layer { // 1
Material layerl
Positoin 2.78

}

Layer { // 2
Material layer:Z
Positoin 4.17

1

Layer { // 1
Material layerl
Positoin 2.78

}

Layer { // 2
Material layer:Z
Positoin 4.17

!

Top |
Material 2RZir

1
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Demo (3): a Simple way to build a EUV

case by modifying existing template

* Inthe WCT SEM demo package, there are 2 template

projects for EUV applications

— These 2 cases are in the sub-folder: EUV_templates

A. For the case using all layers built by boxes
» the project is: .\layer_by box\case 3.wnt

» user can modify these data to fit the new setting, then can start the

simulation directly

1) The X &Y size of the project boundary

2) The X &Y size of all boxes working as the layers
» The cap, top_pad, bottom

(continue to the next page)

----- [ Faces

. B

+ﬁ) 40-bilayers
= ﬁ) cap
a3

- abs
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----- & Wave Ports
F-4¥ Circuits

-4lal Excitation Pulses
=B Materials

..... Chip Images
T Curves

g Solids
Lg% 40-bilayers

» The base boxinlay al c(1) & layer bl (c1)

30 body editor

i

Mame lay_al_c(1)

Transparency
1}

&

Material |layerl

"] Mesh

62

U

@ | =

100

@ lay_al_c(l)
é layer bl c(l
- lay_al_c(2)
@ layer_bl_c(2)
- lay_al_c(3)
@ layer_bl_c(3)
- lay_al_c(4)
-8 layer_bl_c(4)
@ lay_al_c(5)

-l layer_bl_c(5)
& e 21 ARY

3)

b,

+-n|gco
S

“

/

Cont.

)

Exit

\

v

Box Edition
MName Shape4
Lower Corner 0,0, -277.f2
Upper Corner 40,5, 40,58-280.5
LCS Origin 0,0,0
Box X Axis 1, 0,0
Box Y Axis 0,1,0

&l

Use the Mask editor to make a complicated mask,

or generate several boxes for a simple mask

e TR L gy e

wend ™ Curves

----- D Faces

=g Seolids

(- 40-hilayers

(continue to the next page) 72




4)

Define the new mesh grid, plane wave incident angle

Cont.

(or propagation KY, order, snapshot range, then user

~

can start the sir/rvﬁlati()/u.
/ /

S5

SEM Solver Setup
Working Wavelength or Frequency Solver Option
@ Wavelength  (nm) 13.5 (I Freq. (PHzZ) Incident Wales
(Mote: Thie angle of this incddent wave has a different definjtion
Me?h from plane wave, Theta or Phiis the angle|between the
() Automatic propagation vetor and the (-Inf,0] part of an ais.)
Points Per Wavelength (PPW) synchronize PPWs ()/Theta and Phi P K value
PPW-X PPW-Y PPW-Z ',;_,' Do 4= 1n 1= 18] E v (@ Theta[0,180] and Phi[0, 360] () K Valu
@ Degree  (7) Radian 4
-
Max Adjacent Cell Ratio 23 Ky T - Theta Phi | |~
= 1 |4.8850e+007 0 F 0 (4
() Uniform -
2 =
Mx My Mz £l - =
@) User Define (Unit: project) 4
" 5
Load Edit Cl : H
podes]  (wbitens| (wiles /] o Both 2 setup for the incident
= e | i | b wave will obtain the same
X 4 vy 4 7 simulation results.
[ More Rows ] [ Remowve Empty Rows [ Clear
T GNEpenaT
Valume Position ¥min 0 ¥max 40.5 ¥min 0 Ymax 40.5 Zmin 52.5 Zmax 66
]' Sampling Points Mx 31 My 31 Nz 3 Additional 2D Z Plane IndexinZ 1
Options
Green's Function Length {unit: wavelength, range: 4-100)  default [7] Export Scattered Field E Polarization
Max Tteration No. [50,300] 100 [T] Enable Tn-Exact Integration Scheme for High Order Base Solver Data Type
e ] o] ) (Satsmie
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Cont.

B. For the case defining the background by layered media
» the project is: \pure_layer\case 30 layer.wnt
» user can modify these data to fit the new setting, then can start
the simulation directly

1) The X &Y size of the project boundary

2) Use the Mask editor to make a complicated mask, or
generate several boxes for a simple mask

-1l Excitation Pulses
w-EE Materials

..... Chip Images
T Curves

..... D Faces

gl Solids

50 Voxels

- Snapshots

..... | Far Fields
-1l Temp

qlil Imported Result

I T —
(continue to the next page)
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3)

Define the new mesh grid, plane wave incident angle

(or propagation K), order, snapshot range, then user

can start the simulation.

Cont.

- ™y
SEM Solver Setup ‘ CEx
Working Wavelength or Frequency Solver Option — -
@ Wavelength  (nm) 13.5 () Freaq. Incident Waves
(Mote: The angle of this incident wave has a different definition
Me'_.;h fram WCT plame wave. Theta or Phi is the angle between the
() Automatic propagation vetor and the (-Inf,d] part of an axis.)
Paoints Per Wavelength (PPW) (2) Theta ang Phi @ K Value
PPW-X PPVY-Y (@) Dares Badian ] K7
- | |
Max Adjacent Cell Ratio - “‘l" - II
- 1 |4.§650e+007 0 |
(1 Uniform = |
2 E
MNx My 3 = N
(@) User Define (Unit: project) / 4
Load ] [ Edit l [ Clear /] =
v : -
|l
Order 1 LI | s
X 4 Y 4 g
[ More Rows ] [ Remove Empty Rows ] [ Clear
Snapshat
Volume Position ¥min 0 ¥max 400 ¥min 0 ¥max 400 Zmin 5.5 Zmax 66
Sampling Points M 401 My 401 Mz 3 Additional 20 Z Flane IndexinZ 1 "
Options
Green's Function Length {unit: wavelength, range: 4-100)  default [ Export Scattered Field E Polarization i
Max Iteration Mo. [50,300] 100 []Enable InExact Integration Scheme for High Crder Base Solver Data Type
o




Demo (4): Sweeping
Frequency/Wavelength

In this demo, we will show how to sweep a
range of wavelength.

The base case is the one in demo (2), as shown in the right
figure. Here, we will sweep the wavelength from 13.5nm
to 22nm, by 2 runs, which is equal to:

wl_min=13.5

wl_max=22

Nrun=2

step = (wl_max - wl_min)/(Nrun-1)=8.5

The wavelength for each simulation case is:
[13.5, 13.5+8.5]=[13.5, 22]

The sweep setup is shown in the next page.
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After all setup
are ready,
“Start
Simulation”

SEM Sclver Setup

-

() Single Wavelength {in vacuum) or Freq.

version 2 -

Solver Option

Max Iteration Mo, 100

toolkits

[] inExact Integration for High Order Base

@ Wavelength  (nm) Freq. (PHz)
Incident Waves
@ Wavelength (in vacuum) or Freq. Range
. 4 4 W T
@ Wavelength (nm) from 13.5 to 22 Mrun 2 Please refer to this 8, .
] figure to define the B
—FrEg P Te=Y = e indident angle Y Y ‘i,..&'{F;'_--..ﬁY
Mesh (@ Theta[0,180] and Phi[0, 380] 71 K Value
() Automatic @ Degree () Radian Kz
Points Per Wavelength (PPW Synchronize PPWs
gth (PPW) ! Theta Phi i
PPW-X PPW-Y PPW-Z L
ang 0 i
Max Adj. Cell Ratio Min/Max Ratio
3 1
() Uniform
My My Nz More Fows ] [ Remove Empty Rows ] [ Clear
(@ User defined (unit:project] i )
9 User defined (unit:project) Spedal X and ¥ Surface for solver version 2
Load ] [ Edit ] [ Clear ) )
@ Automatic by PPW 10 (0 Uniform  Mx My
Order Receives along Line
. o o
3D Snapshot
Volume Position ¥min 0 ¥max 40.5 ¥min 0O ¥Ymax 40.5 Zmin 5245 Zmax @0
Sampling Points My 31 My 31 Mz 3 Additional 20 Z Plane IndexinZ 1
Solver options
Green's Function Length (unit: wavelength, range: 4-100)  default Export Scattered Field E Polarization

Data Type Wavelength Rescale Range

Make Mesh

Start Simulation

Parametric Sweep

Cancel
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The simulation data files

Mame

case_3_eng2_sweep 1_rta_p_sweep.tut

case_3_engl_sweep_1_rta_s_sweep.tut
case_3_eng2_sweep_1_snapshotEUV_l1_p_filel Jwl_13.5.td¢
case_3_eng2_sweep_1_snapshotEUV_KL_p_filel fwl_22.txt
case_3_engl_sweep_1_snapshotEUV Il _p_file2 Jwl 13.5.6d¢
case_3_eng2_sweep_1_snapshotEUV_lL_p_file? Jwl_22. tet
case_3_eng2_sweep_1_snapshotEUV_KL_p_sctl fwl 13564
case_3_eng?_sweep_1_snapshotEUV k1 _p_sctl jwl_22.tdt
case_3_eng2_sweep_1_snapshotEUV_KL_p_sct? jwl 13564
case_3_engl_sweep_1_snapshotEUV_KL_p_sct? jwl_22.td
case_3_eng2_sweep_1_snapshotEUV_l1_s filel jwl 13.5.bd
case_3_eng2_sweep_1_snapshotEUV_KL_s filel pwl_22.txt
case_3_eng2_sweep_1_snapshotEUV k1 _s file2 vl 13.5.bd
case_3_eng2_sweep_1_snapshotEUV_k1_s file2 vl _22.tt
case_3_eng2_sweep_1_snapshotEUV_KL_s sctl fvl 1350t
case_3_eng?_sweep_1_snapshotEUV k1 _s sctl vl 22t
case_3_eng2_sweep_1_snapshotEUV_K1_s sct? fvl 13.5.60¢
case_3_engl_sweep_1_snapshotEUV_KL_s sct2 vl 226t

The working wavelength for each case in the
sweep is shown in the file name.

78



Demo (5): Parametric Sweeping

In this demo, we will show how to sweep
parameters in the project.

The base case is the one in demo (2), as shown in the right
figure. However, we use variable “freq” to define the SEM
solver working frequency, and use variable “ang” to define
the plane wave source incident angle.
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Here, we assume the base case in the demo (2) is built.

Then, we will define variables and configure them as the working
frequency and the incident angle.

1) Define variables

o0 select the

A BWNRERR 1

2) Add variable “freq” & “ang”, the init values for them are “22” &

“6”, respectively.

-

Variables

MName

freq

Content

22

Create
new var

Mote: Variable iz capital insensitive.

MName  (ang) ang

Input &

4

L

Vil =)

Add | | Delete

e n g aalaiabla-iames

Modify

pi; 25 &

Build-In Functions

sin(); cos(); tan(); asin(); acos(); atan();

sinh(); cosh(); tanh(); asinh(); acosh(); atanh();
log2();leg100);In{;

exp{);abs(;sart]);

Variable usage

SEM solver setup
SEM parametric scheme

Modify
var value
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(3) In the SEM
solver setup
dialog, set
working freq.
as “freq”,
soucre
incident angle
as “ang”

After all setup
are ready,
configure how
to sweep

SEM Solver Setup

_ _—

@ Single Wavelength (in vacuum) or Freq.

(71 Wavelength  {nm)

@ Freq. (pHz) freq

Solver options

Max [teration Mo, 100

toolkits

: T T T A T T e T
Wavelength  {nm) from to Mrun
@ Freq. (PHzZ) from |freg to |freg Mrun | 1
Mesh
() Automatic
Points Per Wavelength (PPWW) Synchronize PP
PPW-X PRW-Y PPW-Z
Max Adj. Cell Ratio Min/Max Ratio
() Uniform
M My Mz
(@) User defined {unit:project)
Load ] [ Edit ] [ Clear
Order
¥ 4 ¥ o4 Z 5
3D Snapshot
Volume Position ¥min 0 ¥max  40.5 ¥rmin
Sampling Points Mx 31 My 31 Nz

Green's Function Length {unit: wavelength, range: 4-100)  default
[] tnExact Integration for High Order Base

version 2 -

Solver Option

Incident Waves
Please refer to this 1 gl'? . 1
figure to define the B
incident angle s | Y oy
(@ Theta[0,180] and Phi[0, 360] | K Value
@ Degree () Radian *z
Theta ohi e
ang a l—l
3
3 -
More Rows ] [ Remove Empty Rows ] [ Clear
Spedial ¥ and ¥ Surface for solver version 2
@) Automatic by PPW 10 ) Uniform  Mx My
Receives along Line
¥Ymax 40.5 Zmin  52.5 Imax 6O

Additional 2D Z Plane IndexinZ 1

Export Scattered Field E Polarization
Data Type Wavelength Rescale Range m

N |
Start simulaton

Parametric Sweep
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Start sweep
simulation if
all variable

In the parameter sweep dialog, define which variable will

be sweep and the sweep range, steps.

-

Edit Parameter Sweeping

Edit & variable parameter

List of parameter sets @ @
Mame |freg choose  freg -
Enable | Mame From To Times
s freg 13 22 2 From 15 To 22 Times 2
Yes ang 5] 12 2
Add | Delete | | Modify |

[7] 1ndude the default setting as a

Start Simulation

metar set

Edit a sequential exctation

Delete Madify

> Enable this parameter set (use ‘Modify' button make change)

Apply ‘ K ‘ ‘ Cancel ‘

sets are rea

y

Note:

1) if a variable is not defined to be sweep, this vari
initial value as defined in the variable setup dialog.

e will use the

2) The sweep will include the variable set with enable-flag “Yes” only.
The variable set without “Yes” flag will be skipped in simulation.
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The SEM parametric simulation results will stored in the folder:
Project_folder\project_res\sem\para_sweep

Following are the simulation data files for parametric sweep

-~

Mame

Run=1,|Paramaters: freq = 15; ang = 6
| case_3_para_sweep_l_para_run_info.bxdt Run=2,|Paramaters: freq =15; ang = 12
B pa R R e Run=3,|Paramaters: freq = 22; ang = 6
| case_3_para_sweep_1_snapshotEUV_kL_p_filel] run_1.ft d Run=4.|Paramaters: freq =22 ang = 12
|| case_3_para_sweep_l_snapshotEUV_kL_p filell run_2.§xt / - ’

| case_3_para_sweep_l_snapshotEUV_k1_p_filel) ru n_B.%/
|| case_3_para_sweep_1_snapshotEUV_k1_p filel] run_4.

The “info.txt” has the
parameter value in each
simulation.

et
|| case_3_para_sweep_l_snapshotEUV_KL_p_filed run_1.§xt
| case_3_para_sweep_l_snapshotEUV_k1_p_filed] run_2.ft
|| case_3_para_sweep_1_snapshotEUV_k1_p filed) run_3.§xt
| case_3_para_sweep_l_snapshotEUV_k1_p_filed] run_d.ft
| case_3_para_sweep_l_snapshotEUV_k1_p_sctlf ru n_l.E

|| case_3_para_sweep_1_snapshotEUV_KL_p_sctl) run_2.

| case 3_para_sweep_l_snapshotEUV_l1_p_sctl] run_3.
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Note for the parametric sweep

For the project define in GUI, almost all inputs can be defined by variables, for example,
the solid’s size. Therefore, the parametric sweep can sweep the solid size also.

As the case shown in the figure, the width of
solid C is defined by “X” (X=10 as initial value).
In the sweep, we will sweep X=[10, 20] —- f

As can be seen, for X=20, the solid C may clash C
with adjacent solid A or B. In this case, before

the simulation, user need to set A=A-C and B=B-

C by 3D boolean operation.

——— —

= [EEENEY
.’ I s e
||5uhtract Solids L

Even in the beginning, for the default X=10,
solid C does not clash with A and B.
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Benchmarks

In this section, we will show

— the simulation accuracy between
* WCT SEM solver vs. Analytical solution
 WCT SEM solver vs. FDTD solver
 WCT SEM solver vs. other FEM solver
— The simulation performance between the WCT SEM solver ver 1
VSs. ver 2
* Accuracy
* Memory requirements
* Simulation time

— We also show the performance of the solver ver 2 for a large case
- 400x400 nm?in X &Y.

— A freq. sweep for a filter composed by thin Au film on S0, and
VO, substrate

— A freq. sweep for an VO, filter



Benchmark Test I: Homogenous Air

X Grid 1 Grid 9
Ax= Ay=800/8=100
Az=68
800 nm In order to make it easy to be

modified to a 3 layers case, we
setup this case as 3 air layers

Polarization

Grid? 800 nm _ \vave propagation ©=180° ®=0°-
-1, 0, 0) = X polarization

direction 2 P=(
136 1 S=(0, -1, 0) =Y polarization

Air (infinite layer)
68 2

0 3

7=0 Air (infinite layer)

v +68 4 36




WCT case setup in GUI

r —~)

Project Design

Lnit Background | Boundary I Frequency and Pulse I Mesh | Time |

Homogeneous Badkground Material Mosi -

IUse Layered Medium

Layer Stack Crientation [:]

{Mote: The bottom position and layer thidknesses are along
the stack orientation, Double dick to begin each cell edit.)

Bottom Position or - -
e T Material Action
Top Air I
1 |ea i Delete 3 layers air
Bottom |-58 A -

Coc ) [ | [oo
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Export
data
planes

-

SEM Solver Setup

@ Wavelength  (nm) 133

(@) Single Wavelength {in vacuum) or Freq.

() Freq. (GHz)

() Wavelength (in vacuum) or Freq. Range

Solver Option

version 1 -

Incident Wawves

i I I ]
@ Wavelength (nm) from | 193 to 193 Nrun | 1 Please refer to this 8. .
figure to define the "
: inci e Y e Y P
Freq (GHz) from to Mrun incident angle 3 ) E ) o
Mesh (7} Theta[0,180] and Phi[d, 360] @ K Value
() Automatic (@ Degree Radian *z
Points Per Wavelenagth (FPW) Synchronize PPWs
Kx Ky kz *
PPW-X PRW-Y PPW-Z
1 0.00 0 l_l
Max Adj. Cell Ratio Min,Max Ratic > —
o F T b
@) Unifarm l |
Mx 8 My 8 Mz 3 [ More Rows ] [ Remowve Empty Rows ] [ Clear
L dafnad-tmis FF!].iﬁ:i
= * Spedial X and ¥ Surface for solver version 2
Load Edit Clear )
@) Automatic by PPW 10 Uniform  Nx My
Order Receives along Line
=
x4 Y4 z_4 —
3D Snapshot
Volume Position ¥min  -400 ¥max 400 ¥min ¥Ymax 400 Zmin 0 Zmax 68
Sampling Points M 101 My 101 Mz Additional 2D Z Plane IndexinZ 1

Solver options

Max Iteration Mo, | 100

toolkits

Make Mesh

Green's Function Length {unit: wavelenagth, range: 4-100)

Start Simulation

default
In-Exact Integration for High Order Base

Export Scattered Field E Polarization |F and 5

Data Type |Double Wavelength Rescale Range | 100

[ Parametric Sweep ]

Cancel

Propagate
to+Z
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g [—
3D Staggered Volume Data Dispalying Control

b The magnitude of
Color Mapping Options -

@ Whaole Volume () Displaying Region () User define | Linear dB fi e I d at Z: 0’ 34’ 68
[0.993471, 1.00086] Min Mif [-0.00459333 nm pla ne are a | I

M we (00070 almost eq. to 1.
— | The variation is

Displaying Range. Unit: pixel {i.e. mesh cell}  {note: cut out regions will be shown as the minimum value of the remained regions)

¥ axis (¥ [0,100], Z [0,2]) ¥ ads (X [0,100], Z [0,2]) Z s (% [0,100], ¥ [0, 100]) o)
o o o smaller than 0.1%.
() Shrink () shrink: () Shrink

anir1|0 | anaxl 100 | I.minlﬂ | Imax| 100 | Irnir1|0 | Imax| 100 |

Zmin 0 | zmax |2 | Zmin 0 | Zmax |2 | ¥min 0 | Ymax| 100 |

© ot offragns © Cuofragons © Cutoftregns
Misc.

Color Type Tansparency [l

o] ExinP
polarization

7=0 /=34 /=6 89



Benchmark Test Il: Two layers Media

X Grid 1 Grid 9
Ax= Ay=800/8=100
Az=68
800 nm
Polarization
Grid 9 800 nm ©=180° ®=0°->
Wave propagation P=(-1, 0, 0) = X polarization
on | .36 1 S=(0, -1, 0) =Y polarization
Glass (infinite layer)
-68 2
t=68 nm 0 3
2=0 Air (infinite layer)




WCT case setup in GUI

¥
SEM Sclver Setup

@) Single Wavelength {in vacuum) or Freg.

@ Wavelength  {nm) 193 () Freq.  (GHz) 2
B Inddent Waves
(") Wavelength (in vacuum) or Freq. Range
. T T
(@) Wavelength  (nm) from | 193 to | 193 MNrun |1 Please refer to this [N
figure to define the
Freg. (GHz) from to Mrun incident angle F R B T
Mesh () Theta[0, 180] and Phi[0, 360] @ K Value
() Automatic (@) Degree Radian [ «z
Points Per Wavelength (PPW) Synchronize PPWs

2

_ ]
(@ Uniform l

Kx | Ky Kz *
PPW-X PPW-Y PPW-Z T oo . [
Max Adj. Cell Ratio Min/Max Ratio

1 |

Nx &8 My & Nz 3

§
NS
[ More Rows ] [ Remowe Empty Rows ] [ Clear \ ]

() User defined (unit:project)

Spedial X and ' Surface for solver version 2
Load Edit Clear i
(@) Automatic by PPW 10 Uniform  Nx Ny
Order Receives along Line
X (4 Y 4 Z 4 Edit
3D Snapshot
Volume Position ¥min 400 ¥max 400 Ymin  -400 Ymax 400 Zmin 0 Imax ©8
Sampling Points Mx 101 My 61 Mz 3

Additional 2D Z Plane Indexinz 1
Solver options

Green's Function Length {unit: wavelength, range: 4-100)  default

Export Scattered Field E Polarization
Max Iteration Mo, | 100

In-Exact Integration for High Order Base Data Type |Double

Pand s
Wavelength Rescale Range | 100

Make Mesh Start Simulation Parametric Sweep

toolkits

Maybe in the beginning this Kz is
not correct, it is due to the system
has not made the final calculation.
After press “OK” or “Simulation”.
This part will become correct.
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The calculation for the ideal transmission

C 299792458
A, 1937

K,o =@\ &1ty =21f M

= 27 x1.5533e" x 1/8.85419¢ " x 47¢ "
= 27 x1.5533e™ x3.3356e™

= 32.5544¢°

K, =K ,+J&, =3.25544e"/2.443 = 5.0883¢’

f = =1.5533¢e"

Ideal transmission:

2n,  2+/2.443
n+n, 1+./2.443

=1.2197



Color Mapping Options
i@ Whole Volume

[1.21938,1.22094]

Displaying Region for Each Slice
¥ awis (¥ [0,100], Z [0,2])
@ All

ExinP
polarization

LTI LY
enenene
enesene
enenene
Sesenene

| -

(7 Displaying Region

1.22

3D Staggered Volume Data Dispalying Control

of

The mag

field at Z=0, 31, 68

() User deﬁnle Linear

Min |1.21933

Max |1.22094

® nm plane arelall
- Mn FIiBst eq. to|]l.22.

Max |1.73338

| The differenc

Y axie (X [0,100], Z [0,2])

i@ Al

I Range

¥min| 0 ¥max| 100
Zmin 0 fmax |2

from the ided|
Zaxis (< [0,100], Y{peihhe is |ess tr an

i@ all

0.1%.
(71 Range
Xmin| 0 ¥Xmax| 100
¥min| 0 ¥max| 100

Cancel
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Benchmark Test Il|

€ = 0.913 + 0.044;
Thickness = 14 nm

€ =09+ 0.057j
Thickness = 56 nm

€ =0.785 4+ 0.03j
Thickness = 2.5 nm

Top Layer:
€ = 0.999 + 0.004;
Thickness =4 nm

Bottom Layer:

€ =0.848 + 0.012j
Thickness =3 nm

€ = 0.954 + 0.021j

Thickness = half space

0.913

0.9

0.785

0.999

0.848

0.954

0.044

0.057

0.03

0.004

0.012

0.021

5.435e4

7.041e4

3.706e4

4.94e3

1.482e4

2.594e4



In this case, we will compare the results from the WCT

FDTD transient solver and the WCT SEM spectrum solver.
A =13.5nm

Output fieldat z = 5 nm.

Normal incident

zZ=5nm

z=0nm ]
Air Air
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¢ _ Cc _ 2997924538 _ 99 907"

A,  13.5e”°

Kz =@+ gu =27t \J &, 14,
— 27 x22.207e x+/8.85419 2 x 472" RN

0.913 0.044 5.435e4

8
=4.6542¢ 0.9 0.057 7.041e4
0.785 0.03  3.706e4
~ . O
E, =& — ] — = 0.999 0.004 4.94e3

& OZD’ 0.848 0.012 1.482e4

0.954 0.021  2.594e4
O O

c.w  8.854187817e™.27.22.2076"
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Layer index

7=5 Air: Z=4 cell [5..5] _ ,
direction

Z=0

Air Z=3 cell [4,5,5] Ai

Ir

Z=1 cell per layer —

0.913 0.044 5.435e4

0.9 0.057 7.041e4

0.785 0.03 3.706e4

Total Z layers: 4+3+10+1+40x2+2=100
0.999 0.004 4.94e3

0.848 0.012 1.482¢e4
SEM solver setting

Cell number: (5, 5, 100)
Order: (5, 5, 3)

0.954 0.021 2.594e4
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wCT

FDTD Solver

For total field Test

<— | 41D receiver arrays

Materials
1.0 0.0 1.00.0
0.954 0.0211.00.0
0.913 0.044 1.0 0.0
0.9 0.0571.00.0
0.785 0.03 1.00.0
0.999 0.004 1.0 0.0
0.848 0.012 1.00.0

SEM

6

6
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15151 1001
151512 2
1515337

15158282 6
15158383 5
15248493 4
15249496 3

Geometry
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SEM Solver

-
SEM Seclver Setup

===

Working Wavelength or Frequency

Incident Waves
(Mote: The angle of this incdent wave has a different definition

@ wavelength  (nm) 13.5 O Fregq.  (PHz) from WCT plane wave, Theta or Phiis the angle between the
propagation vetor and the (-Inf,0] part of an axis.)
Mesh () Theta and Phi @ K value
() Automatic B
(@) Degree Radian Kz
Points Per Wavelength (PPW) Synchronize PPWs
e PPYY-Y PPW-Z Kx Ky kz *
1 0 0
) Unifod E
() Uniform = =
Mx My Mz 3
(@) User Define (Unit: project) 4
5
Load Edit Cl
0a ] ’ i ] [ ear = B
' 1 | b
Order
¥ 5 ¥ g Z 3 [ Mare Rows ] [ Remaowve Empty Rows ] [ Clear
Snapshot
Volume Position ¥min  -25 ¥max 23 ¥Ymin  -25 ¥Ymax 25 Zmin O Zmax 10
Sampling Points Mx 51 My 51 Mz 3 Additional 2D 7 Plane IndexinZ 1

Start Simulation
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In this case, we use user defined mesh as following

¢ |
Data Editar [
i —_— .
X ¥ z
- -~ -~
1 |= 4 1 |25 4 1 |-3625 4
2 |15 2 |15 2 |-357.5
3 |5 3 |5 3 |-352.5
a |5 a |5 a4 |399.5
| 1\
s |15 s |15 s |-345.5
& |25 6 |25 6 |3425
i
Fi 7 7 -338.5
) 8 8 g |3335
9 9 g |3315
10 10 10 =285
- - -
4 I [ 3 4 I [ 3 4 I [ 3
| toad || sot | | toad || sat | | toad | [ sort
[ |
"
Co ] e
|
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SEM solver Result

Ex in P polarization

1.23

1.2

4 1.09

1.06

1.03

1.0

Ey in S polarization
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Obv. at x=0, z=0

Ey total field on the receiver array (the array is

shown in page #44)

SEM
FDTD

-20

X (nm)

20

40

Obv. at x=0, z=5

SEM
FDTD

-20

X (nm)

20

40
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Benchmark Test IV

sampling

positions
Z=+80nm |

40.5x40.5 nm? case
K=(4.865e7,0,-4.629e8), P polarization

Receiver sampling positions:

12 AN A A
1 A A
) vavv\
AN s
A

NaR
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Benchmark Test V

Solver v1 vs. v2 -

S

50x50 nm? case
Simulate P & S polarization in one run

The accuracy of SEM solver has been shown in
the previous page, here, we will compare the
difference in solver 1 & solver 2

» Project settings

»SEM solver setting

» Simulation time

» result

(Due to this is a small case, we don’t
shown the memory comparison)
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Setting Difference

» solver 1: due to all layers in Z should be
calculated, in order to make all cells in Z has a

similar Z size, we spilt the top region into 17 cells,
as shown in the right figure. And we set the order

inZ as 4, for 5 nm cell.

O order for whole system: (4,4,4)
Q cell size in X & Y both are 10 nm

» solver 2: we will only calculate the not-layered
region, as shown in the right figure, we split this
region into 5 cells, 14 nm per cell, about 1 A. And

set the order in Z as 6.

O order for whole system: (4,4,6)
Q cell size in X & Y both are 10 nm

Splitto 17

layers, about

5 nm per
layer

Splitto 6
layers, 14
nm per layer

Z=+20

Export field at
z=0, +5, +10 nm

/=+14

Export field at
z=0, +5, +10 nm
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Simulation Time: by a Intel i7-3770 CPU

»> solver 1: 73s Therefore, for a small case, 2 solver has a

imilar simulation tim
> solver 2 similar simulation time

L double precision — 69s
U single precision — 62s

Simulation Results

We show the 2D plot figure as following

Solver 1: Ex at Z=+5nm, Solver 2: Ex at Z=+5nm, Solver 2: Ex at Z=+5nm,
in P polarization in P polarization, double in P polarization, single
precision precision
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1.25

[EX|

Following is the |Ex| in the Z=+5 nm plane, we

can see they are very close

|Ex| at Z=+5 nm plane
[

1.2

1.15

11

1.05

Souer 1
Solver 2, double
Solver 2, single

f

200

A

2500
107

500

1000 1500
recv. index in the whole plane



Benchmark Test VI

Solver v1 vs. v2

135x135 nm? case
Simulate P & S polarization in one run

Here, we will compare the difference in
solver 1 & solver 2

» Project settings

»Memory requirement

» Simulation time

» result
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Setting

» solver 1 & solver 2
Q in this case, for the region with the structure- Z=[0, +66] nm, we split the

space into 6 cells, about 14 nm per cell, as shown in the following figure
1 the order both are: (4, 4, 5)

Q cell size in X & Y both are 13.5 nm
O the exporting field is at Z= +52.5, +59.25, +66 nm, 3 planes

/=+66
|
_ Export field at z=+52.5,
+59.25, +66 nm
Splitto 6
layers, about -
14 nm per
layer 7=0
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Simulation Time: by a Intel i7-5820k CPU

> solver 1: 22min

Therefore, for this case, solver 2 is about

> solver 2 8 times faster than solver 1

O double precision — 170s
U single precision — 180s

Memory Requirement

» solver 1: don’t require hard drive swap storage, 30 GB

» solver 2
U double precision — 10 GB
O single precision — 6.5 GB
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Simulation Results

We show the 2D plot figure as following

Solver 1: Ex at Z=+59.25 Solver 2: Ex at Solver 2: Ex at
nm, in P polarization /=+59.25nm, in P /=+59.25nm, in P
polarization, double polarization, single

precision precision
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Following is the |Ex| in the Z=+59.25 nm
plane, we can see they are very close

|[EX| at Z=+59.25 nm plane
1.3 [ [ [ [ [ [ [ [ [ -
‘ SoMer 1
Solver 2, double
Solver 2, single
1.2~ -
11+ —
1 a
X
w
I
‘ |
0.9~ TR .
i H H L
I "!‘!"Ilrl
i il ‘Il
i
0.8 |I il |
N 1 lsl‘ ‘||| |"
0.7~ -
[ r r [ [ r r r [
4000 5000 6000 7000 8000 9000 10000

1000 2000 3000
recv. index in the whole plane



Benchmark Test VI

Solver v1 vs. v2

110x257.5 nm? case (9Ax19A)
Simulate P & S polarization in one run

Here, we will compare the
difference in solver 1 & solver 2
» Project setting

»Memory requirement

» Simulation time

» Results
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Setting Difference

» solver 1: due to all layers in Z should be
calculated, in order to make all cells in Z has a
similar Z size, we spilt the top region into 17 cells,
as shown in the right figure. And we set the order
inZ as 4, for 5 nm cell.

O order for whole system: (4,4,4)

O cell number: [8,9,100] for whole domain

Q cell size in X & Y both are around 13.5 nm

» solver 2: we will only calculate the not-layered
region, as shown in the right figure, we split this
region into 6 cells, 14 nm per cell, about 1 A. And
set the orderin Z as 6.

O order for SEM region: (4,4,6)

O cell number: [8,9,6] for SEM domain

U cell size in X & Y both are around 13.5 nm

Z=+20
— | Exportfield at
— | z=[-10, +10] nm,
Splitto 17 — 7planes
layers,|about
5 nm per
layer
/=-70
/=+14
— | Exportfield at
— | z=[-10, +10] nm,
— — 7 planes
Splitto b
layers, 14
nm per layer
Z=-70
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Simulation Time: by a Intel i7-5820k CPU

» solver 1: 64 min
Therefore, for this case, solver 2 is about

» solver 2 11 times faster than solver 1
L double precision — 343s

U single precision —370s

Memory Requirement

» solver 1: max memory usage — 37 GB, with hard drive swap storage - 59 GB

» solver 2
U double precision — 26 GB
Q single precision— 17 GB



Simulation Results

We show the 2D plot figure as following

Solver 2: Ex at Z=-6.67
nm, in P polarization,
double precision

Solver 1: Ex at Z=-6.67
nm, in P polarization
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Solver 2: Ex at Z=-6.67 Solver 2: Ex at Z=-6.67

nm, in P polarization, nm, in P polarization,
double precision single precision
e 1.2
914
X 0.613
X
' 1461 '
0462
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Benchmark Test VIlI

Solver v2

400x400 nm?2 EUV case (30Ax30A)
Simulate P & S polarization in one run

55 270 75

Here, we will show the

simulation by solver v2 only,
because the memory
requirement for solver v1 is
excessive for most servers.
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Settings

» solver 2: we will only calculate the not-layered region, as shown in the
following figure, we split this region into 6 cells, 14 nm per cell, about 1 A.
There are following 3 settings

1) Double precision, integration by exact matched nodal points
U order for SEM region: (4,4,5)
U cell number: [30,30,6] for SEM domain
U cell size in X & Y both are around 13.5 nm
2) Double precision, integration by in-exact matched nodal points
U order for SEM region: (5,5,5)
U cell number: [21,21,6] for SEM domain
U cell size in X & Y both are around 20 nm

3) Double precision, integration by in-exact matched nodal points
U order for SEM region: (5,5,6)

U cell number: [21,21,6] for SEM domain
U cell size in X & Y both are around 20 nm

Z=+80

Export field at z=+52.5, Z=+66

+59.25, +66 nm

Splitto 6
layers, 14
nm per layer




Simulation Time: by a Intel i7-5820k CPU

> solver 2

O double precision, order(4,4,5), cells number (30,30,6), integration by
exact matched nodal points

o 35 min
O double precision, order(5,5,5), cells number (21,21,6), , integration by
in-exact matched nodal points

0 23 min
O double precision, order(5,5,6), cells number (21,21,6), , integration by
exact matched nodal points

0 32.5 min

Memory Consumption

> solver 2

O double precision, order(4,4,5), cells number (30,30,6), integration by
exact matched nodal points

o 110 GB
O double precision, order(5,5,5), cells number (21,21,6), integration by
in-exact matched nodal points

o 56 GB
O double precision, order(5,5,5), cells number (21,21,6), integration by
exact matched nodal points

o /73 GB



Simulation Results

We show the 2D plot figure as following

Solver 2: Ex at Z=52.5 nm, in P Solver 2: Ex at Z=52.5 nm, in P
polarization, order (4,4,5), cells polarization, order (5,5,5), cells
number (30,30,6), integration number (21,21,6), integration by

by exact matched nodal points in-exact matched nodal points




Solver 2: Ex at Z=52.5 nm, in P Solver 2: Ex at Z=52.5nm, in P

polarization, order (5,5,5), cells polarization, order (5,5,6), cells
number (21,21,6), integration by number (21,21,6), integration by
in-exact matched nodal points in-exact matched nodal points
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Benchmark Test IX
Freq. sweep on a thin Au film on SO,
and VO, substrate

Application in THz

Plane
wave

This case comes from the simulation model in
the paper “Broadband tunable terahertz
absorber based on vanadium dioxide
metamaterials”, ZHENGYONG SONG, KAl WANG,
JIAWEN LI, QING HUO LIU, Vol. 26, No. 6 | 19
Mar 2018 | OPTICS EXPRESS 7148.
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This case is built in the demo package:
sweep_freq_dispersive_material\filter_1\V02
absorber _sig 2000 sw.wnt

The structure has a filtering effect
in a specified freq. range. The
principle of this device can be
referred to the paper.

The whole device is composed by
filter array with periodic boundary.
Therefore, in the simulation, we
can use a single filter to simulate
the whole device.

In this case, we will investigate the
performance of the filter in the
freq. range [0.3, 0.8] THz. The
evaluation data are the reflectance,
transmittance and absorptance.
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There are several key points in the project design

1) There are 2 dispersive materials, Au & VO,, used in the project, especially,
VO, uses a variable in defining the material property.

2) There is extreme thin Au structures in the project, in order to capture the
structure correctly, this case use a very special automatic mesh.

The cross
shaped
Au has a
thickness
of 0.02
um.

For the other parts, the project is very simple, user can build
several boxes to setup the basic structure. The detail parameters
can be referred to the demo project.

125



» Dispersive material Au.

Drude model £, =1—m§ [@(@+il)

with plasma frequency| @, = 1.37%10" rad / s

I=12x10" rad /s

| AN

collision frequenc

Edit Material L= ]

Note: the loss tangent will
be converted to a bulk

conductivity at the center
freq. <]

m | »

4

[0 |

[ ]

Apply

Dispersive Material \ X
General | Electromagnetic | Elastodynamic Relative permittivity Electric conductivity 0 Electric loss tangent |0 \ Plot Real Plot Imag
Electric Poles
Mame Color
Debye - K Lorentz A & x Drude - K Add user defined
Au(dispersive)
Type Eps_r (f=0) Relax. time (z) Eps_r {f=0) Damping coef. (rad/s) Resonant ang. freq. (rad/s) Damping coef. (rad/s) Plasma ang. freg. (rad/s) Choose 3 file
Normal - Edit dispersion Letid L37et1e
Relative permittivity < ] b < T ] »
1 1
@) Electric conductivity Magnetic conductivity Relative permeability 1 Magnetic conductivity 0 Magnetic loss tangent |0 Plot Real Plot Imag
0 i} Magnetic Poles
- Debye Larentz Drude
() Electric loss tangent Magnetic loss tangent (i f' £ K f' é x f' £ X failiEsraEE
0 0 Mu_r (f=0) Relax. time (s) Mu_r (f=0) Damping coef, (rad/s) Resonant ang. freq. {rad/s) Damping coef. (rad/s) Plasma ang. freq. (rad/s)

Choose a file

Apply

(=] (o] [om)
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» Dispersive material VO,

Drude model

We define variables: sig0=0,, sig=0, wp=w, as following

gw)y=¢€_—

@, (0)
@ +iyw

where £, =12

5 a
@, (0) =;m§{0'0) , Which is depend on o

 —

with o, =3x10° Q'em™ . mp(ﬂ'o)=1.4x][}” rad /s . and y=35.75x10" rad /s

b

~ —
Mame Content Note: Variable is capital insensitive.
sigh 3e3
sig 2000 MName ( )
wp 1.4215
Input
Value
Add | | Delete | [ Modify

)

Reserved Variable Names

pi;e; & A

Build-In Functions

sin(); cos(); tan(); asin(); acos(); atan(); -
sinh(); cosh(); tanh(); asinh(); acesh(); atanh();
log2();log100);In0;

exp();abs();sgrt(;

-
.
e

Variable usage

127



h
o~
S

r 7 o
&)2+ 0y

e

Note: the loss tangent wil
be converted to a bulk
conductivity at the center
freq.

(o] [ |

. —_
Edit Material 58| Dispersive Material [ ) \ \ (S
- I I \
General | Electromagnetic | Elastodynamic Relative permittivity 12 Electric conductivity 0 Electric loss tangent \0 | [ Flot Real \l
Electric Poles

Name Color Debve & ¥ Lorentz h & Drude & b4 [] Add user defined

DrudeMat1{dispersive)

Type Eps_r (f=0) Relax. time (z) Eps_r (f=0) Damping coef. (radfs) Resonantang. freq. (rad/s) Damping coef. (rad/s) N’Iasma ang. freq. (rad/s) m

Normal - Edit disparsion 5.75e13 wp*sgrt(sig/sigl)

Relative permittivity Relative permeability < | m | » < | 1 |

12 1

®) Blectric conductivity Magnetic conductivity Relative permeability 1 Magnetic conductivity 0 Magnetic loss tangent |EI | [ Plot Real ]

i} 0 Magnetic Poles

- Deb L tz Drud

() Electric loss tangent Magnetic loss tangent =53 h & K oren 4 4 x rude h 4 K [ Add user defined

B | |D Mu_r (f=0) Relax. time (s) Mu_r (f=0) Damping coef. {radfs) Resonantang. freg. (rad/s) Damping coef, (radfs) Plasma ang. freq. (rad/s)

Choose a file

Apply
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» Special automatic mesh

Due to the simulation freq. range
is [0.3, 0.8] THz, under the f_ .,
0,8 THz, for the main structure:
substrate S.0,, it is 0.5A only.
Therefore, this case will be
oversample even with order=1.
Because in X, Y and Z axis, there
are at least 2 cells to capture the

structures.

Here, we set the adjacent cell
ratio in Z as 4, and the Min/Max
cell ratio as 1e-4, to capture the
Au layer in Z, with a minimum cell
number in Z.

Because this case is oversampled,
the order 1 in the solver should
be good enough.

The cross
shaped Au
has a
thickness

Mesh
@ Automatic
Foints Per Wavelength (PPW)

PPW-X 20 PPW-Y | 20

Max Adj. Cell Ratio 2 2.4

| Synchronize PPWs
PPW-Z |20

Min/Max Ratio 1e-4

Uniform
Mx My

IUser defined (unit:project)

Nz

Order

of 0.02 um.
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The final SEM simulation setup is

-
SEM Sclver Setup

() Single Wavelength (in vacuum) or Freg.

@ Wavelength  (um) Freq. (THz)

@ Wavelength (in vacuum) or Freq. Range

) Wavelength  (um) from to Mrun

@) Freg. {THz) from 0.3 to 0.8 Mrun 21
Mesh

@ Automatic

Points Per Wavelength (PPW) Synchronize PPWs

PPW-X 20 PPW-Y | 20 PRW-Z | 20

Max Adj. Cell Ratio 2r 2,4 Min/Max Ratio  1e-4

() Uniform
Mx My Mz

(7 User defined (unit:project)

Load Edit Clear
Order
¥ o1 ¥ |1 zZ 1
3D Snapshot
Volume Position ¥min 0 ¥max 174 ¥min 0

Sampling Points Mx 101 My 101 Mz 3

Solver options
Green's Function Length (unit: wavelength, range: 4-100)  default

Max Iteration Mo. 500 [] in-Exact Integration for High Order Base

toolkits

Start Simulation

wersion 2 -

Solver Option

Incident Waves

Flease refer to this

v Z = VT T
figure to define the o

incident angle U e NN | ‘é__.-'\:@"-\-.\__\_ ¥
@ Theta[0, 180] and Phi[d, 360] (7 K value
@ Degree  (7) Radian Y

Theta ‘ Phi | -

o] 0 |J

3 =

Maore Rows ] [ Remove Empty Fows ] [ Clear

Spedal X and ¥ Surface for solver version 2

() Automatic by PPW | 10 @ Uniform  kx 20 My 20

Receives along Line

Ymax 174 Zmin -5 Imax S0
Additional 2D Z Plane IndexinZ 1

[] Export Scattered Field

E Polarization

Data Type Wavelength Rescale Range

Parametric Sweep

Cancel
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Following is the reflectance, transmittance and absorptance curve
in from the freq. sweep. It matches with the data in the paper.

e

Title i

1.0

0.9

0.8

0.7

0.8

0.5

m

e dxis

0.4

0.3

0.2

0.1

0.0

0,30 0.35 0.40 0.45 0.50 0.55 0.60
X-Axis

0.70 0.75 0.t

=
@
(45]
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Benchmark Test X
Freq. sweep on a VO, filter

Application in THz

This case comes from the simulation model in
the paper “Ultra-broadband wide-angle terahertz
absorber realized by a doped silicon
metamaterial”, Mingwei Jiang, ZHENGYONG
SONG, QING HUO LIU, Vol. 471, 15 September
2020 | OPTICS Communications.

Similar to the case IX, we will use a single filter to
simulate the whole device.
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This case is built in the demo package:
sweep_freq_dispersive_material\filter 2\VO2
absorber Si_5.wnt

In this case, we are going to sweep the
freq. range [0.5, 6] THz.

Due to the freq. range is different from
that in the case IX, the dispersive material
VO, has the following properties.

o,
Drude model e=¢, —————
@O +1Y®

Where, g =11.68, @, =27x7.87 THz, y =27x1.78 THz

We define variables and the material property for
VO, as following
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-

N
Variables l 1 u
Name Content Note: Variable is capital insensitive. Variable usage
sig 10 Mame 0
wp 4886213 “wp”is used by -
Inéput e
Material: DrudeMat1(dispersive)
Value | |
Help
[ ad | [ Delet= | [ modfy |
Reserved Variable Mames
pi; 5 t s
Build-In Functions
sin(); cos(); tan(); asin(); acos(); atan(); -
sinh(}); cosh(); tanh(]; asinh(); acosh(); atanh(};
log2031001007( o ]
exp();abs(;sartl);
L P T r
- ) 4 B
Edit Material | x | Dispersive Material u
General | Electromagnetic | Elastodynamic Relative permittivity Electric conductivity 0 Electric loss tangent |D | Plot Real ] Flot Imag
Electric Poles
MName Color
- Debye 4 Lorentz # Drude 4 Add user defined
DrudeMat 1(dispersive) I 4 4 44 A 4 4
Type Eps_r (f=0) Relax. time () Eps_r (f=0) Damping coef. {rad/s) Resonantang. freq. {rad/s) Damping coef. {rad/s) Plasma ang. freq. {rad/s) Choose a fie
Normal - Edit dispersion 1.11841e13 4.94487e13 ’—|
Relative permittivity Relative permeability < | 1 ] » | 1 ] »
11.68 1
@) Electric conductivity Magnetic conductivity Relative permeability 1 Magnetic conductivity 0 Magnetic loss tangent |D | [ Plot Real ]
1] [u] Magnetic Poles
(7 Electric loss tangent Magnetic loss tangent Esbye 4 4 X le=ra 4 4 X Drude 4 4 X Add user defined
0 | |lj Mu_r (f=0) Relax. time (s) Mu_r (f=0) Damping coef. {rad/s) Resonantang. freq. (rad/s) Damping coef, {rad/s) Plasma ang. freq. (rad/s) Choose a file

MNote: the loss tangent will
be converted to a bulk
conductivity at the center
freg.

4 i

Apply




The final SEM simulation setup is

' B
SEM Sclver Setup ﬁ
() Single Wavelength (in vacuum) or Freq.
@ wavelength  (um) Freq. (THz) *
) Inddent Waves
@) Wavelength (in vacuum) or Freq. Range
- . 3
(7) Wavelength  {um) from to Nrun Please refer to this
] figure to define the
@ Freq. (THz) from 0.5 to G Mrun 3G incident angle N |
Mesh @ Theta[0,180] and Phi[0, 350] () K Value
(@ Automatic @ Degree () Radian *z
Points Per Wavelength (PPW Synchronize PPWs
i @i Theta | Phi | -
PR 12 PRW-Y |12 FPW-Z |12 . ; A
Max Adj. Cell Ratio 1.3 Min/Max Ratio  1e-4
() Unifarm e
Mx My Mz Maore Rows l [ Remowve Empty Rows l l Clear
(7 User defined {unit:project] _ .
R e Spedal X and ¥ Surface for solver version 2
Load Edit Clear i i
() Automatic by PPW | 10 @ Uniform  MNx 20 My 20
Order Receives along Line
3D Snapshot
Volume Position ¥min 0 ¥max 50 ¥min 0 ¥max 30 Zmin 0 Zmax 120
Sampling Points M 101 My 101 Nz 3 Additional 20 Z Plane IndexinZ 1
Solver options
Green's Function Length {unit: wavelength, range: 4-100)  default [ | Export Scattered Field E Polarization
Max Iteration No, 500 [] tn-Exact Integration for High Order Base Data Type Wavelength Rescale Range
toolkits
Make Mesh Start Simulation Parametric Sweep
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Following is the reflectance, transmittance and absorptance

curve in from the freq. sweep.
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0.7

0.8

0.5
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Appendix |
the Mask Editor for Lithographic
Applications

For typical Lithographic applications, the base layers, including the Si/Mo bilayers and
the Si substrate, are fixed. Only the absorber layer and the capping layer (mask layers)
will be variant in different applications. Meanwhile, the structures in mask layers can
be decomposed by fixed size boxes due to the fundamental element shape in the
lithographic application is fixed. Based on these features, WCT GUI provides an editor
to generate the mask pattern in a simple way.

A mask pattern
Air

Absorber Capping
Absorber Layer

% B

51/ Mo Bilayers

L l

Si Substrate
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* Requirements to use the mask editor

— All 3D solids should be grouped into different
layers (component) by the Z positions

* in each layer, all solids should have the same Z size

— All 3D solids in each layer should be a box aligned
to X and Y axis

Following figures show 2 layers created by the mask editor

E R A e r 1 ™ ] o+ e | — e

Project ESC to unselec

c.g solide -

-

- ab

& lay_al_c(1)
& layer_bl_c(l)
& lay_al_ci2)
& layer_bl_c(2)
& lay_al_c(3)
& layer_bl_c(3)
& lay_al_c(4)
& layer_bl_c(4)
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The mask editor can

» create patterns for multiple empty layers
» edit multiple layers with existing patterns

» generating multiple projects with random patterns and
start the lithography solver to solve these projects
automatically

» generating multiple projects with parametric sweeping
patterns and start the lithography solver to solve these
projects automatically



1)

The Mask Editor

In order to start the mask editor, user
need to select 1 or multiple components
in the project tree to popup the menu as
the figure.

» Here, each component represents a
layer

» Each layer can have zero or multiple
boxes

Then use menu item “Edit Mask Pattern”
to enter the mask editor

Note: If the solids are not organized by
components, please create the
components and drag the corresponding
boxes into those components.

o€ ab

Y

_____ & | Show

----- g | Hide

..... & |

..... & Create Box

..... & Create Sphere
""" &g | Create Torus
""" a- | Create Cone
..... [

_____ g i Create Ring
""" = Change Mame
..... & | )

& | Change Material
j [ Change Transparency
..... &l Modify Mesh
..... [

..... g i Delete

""" & | Array Copy
""" g : Translate
d | Mirror

..... &l Rotate

""" &g | Scale

=
LA Create Component
----- & | Mowve to Component
..... g1
_____ & | Edit Mask Pattern




Layers &
objects

Variable
editing and
batch jobs

The Layout of the Mask Editor

Mask Designer
-

General for All Layers
— =

W WA W W OWE W W W e e W W
e o 6 8 s

PR N WeSRETaae W W W Y

v [t

Mask Size (nm) X |40.5 Y |40.5 Mesh for all layers Uniform ¥ pixelz 3 ¥ Pixels 3 XY Grid Edit Keep Pattern
All Layers milocking Laysr
[= Layers —
B({) cap cap Zmin 0 Zmax 27 Background [Nr V] Mask [sem_S V] [ Set General Parameters
----- g cap_rand_2_0
I & cap_rand_0_1 Mask Pattern
----- & cap_rand_1_1
R cap_rand_2_1
L : EE_rand_l_Z [ Generate Random Pattern ] ["]user defined seed Apply to Layer Synchranize Pattern
- to All Layers
B¢ a“i b o 2 0 [ stretch to fit Mask Density Allow mask on edge Mask Only v
: :E—::j—g—i Selection Mode 0.5
----- & ab_rand_2_1
----- & ab_rand_1_2
Selection mode
Image operation mode
Mask operation mode
Refresh canvas o
Rellback mask
Show mode info on screen
Clear selection
f Clear mask
Variables M e n u O r
Edi Set selected blocks as the mask
itor .
b Ed |t0r Add selected blocks as the mask
Generate Projects by
Ca nvas Remowve mask under the selections
Generate Projects by
Parametric Sweeping 0
[Cstart simulation 0 X Cell:(1,2) Pos:(17.2047, 31.2063) 40.5
. Apoly QK cancel

Mesh
control for
the pattern

Working
layer
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a) Mesh control for the pattern

Note: this mesh is for geometry generation purpose. It is unnecessary the same as the real
simulation mesh in the WCT solver. However, in order to make the pattern match the
simulation mesh. It is suggested to load the SEM solver mesh as the pattern mesh.

General for All Layers

Mask Size (nm) X |40.5 Y | 40.5

Project X & Y size

Un-check to switch to
a non-uniform mesh

The mesh grid will be
displayed in the editor
canvas. The grid is
editable in this dialog.

User can load the grid
from a single column ASCII
data file in project unit, as

0
13.5
27
40.5

Mesh for all layer

[V]Uniform ¥ pixels 3 ¥ Pixels 3

XY Grid

Uniform mesh

5[] unifarm Pixels | 3 ¥ Pixels | 3 XY Grid
Data Editor Iﬁ
| I MrsU (@) Project Unit
X A
- -

i ) 0 | s 0 |
i = 13.5 = 13.5
<l

= 27 = 27
] a 40.5 N an.5

5 5

6 6

7 7

B B

9 9

10 10

1] | 3

-

J

Load Sort

]

J |

Clear Scale

)

Cancel

Fikeeratte E]it the nQn-

uniform miesh

If “keep Pattern” is
un-checked, after re-
mesh, all existing
solids in layers will be
removed.
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b) All editable layers in the editor

If any content in the layers has been 8 caprand 2.0
modified, a “*” label will be added as

Loy /

~f cap_rand_0_1

----- & cap_rand_2_1

----- g ab_rand_1_1 . . . .
..... & ab_rand 2 1 click on it will set this

----- g ab_rand_1 2

T~ Layer node, double

layer as the working
layer in the left part of
the editor

7 (= Lavers =
Eléf) cap

- g cap_rand_0_1

- g cap_rand_1_1

- g cap_rand_2_1

= 8 cap rand 1 2|
il One box in this layer, double click
—canand 2 on it will enter a 2D box editor for

H e Tad T this object, as following

2D Box Editor

Marne

Corner 1 (x,y) 13.5, 13.5

Corner 2 (x,y) 27, 27

Ok

Note: the definition of box corner
can use variable. For example, there
is variable x=13.5 in the project. So,
the definition of “Corner 1” as “x,

13.5” is the same as “13.5, 13.5”
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c) Global buttons

Variable Editor

~riables Popup the variable
<—— opupthe v
editor for this

project.

Generate Projects by
Random Pattern

Variables — u

N Content Mote: Variable is capital insensitive.

Generate Projects by =me ent=n

Parametric Sweeping Name (9 x
Input  13.5

[] start simulation
Value |13.5

add | | Dekete | [ Modify

Reserved Variable Names
pieit; -

Build-In Functions

sin(); cos(); tan(); asin(); acos(); atan();

sinh(); cosh(); tanh(); asinh(); acosh(); atanh();
log2();log100;In0;

exp();abs(;sart];

< i v -—HE|D -OK
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Variables
Editor

Generate Projects by
Random Pattern

Generate Projects by
Parametric Sweeping

[] start simulation

Whether need to
start simulation
automatically after
these projects are
generated

Multiple Random Patterns

Generating multiple projects. Each project will

<—— have a random pattern. The setup control for

these projects is shown as

-

) )

Multiple Projects with Random Pattern

Root folder for new projects

Sub-Folder

bemdemo v2\mask editor demo'random pattern E] case_3_eng?_rand

The number of projects 10

i@ Zipf distribution  Mask prab.

[ Private seed

0.5

(71 Rand distribution  Mask Mo, | Regular

allow mask on edge

More details will be shown in the demo case.
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Variables
Editor

Generate Projects by
Random Pattern

Generate Projects by
Parametric Sweeping

[] start simulation

Whether need to
start simulation
automatically after
these projects are
generated

Parametric Sweep

Generating multiple projects. Each project will

/ implement a value of the variable in the sweeping

range. The setup for these projects is as

-
Edit Parameter Sweeping . ® - - - ﬁ
List of parameter set @ @ Edit a variable parameter
MName | choose 9
Enable  MName From To Times
Yes X 13.5 13.5 2 From 13.5 To 13.5 Y
Add | Delete | | modify |
Edit a sequential exctation
Mew Delete Maodify
Enable this parameter set
Root folder for new projects Sub-Folder
Make
D:'-,sim_u:ase'-sem'n,-:ases_ﬁ:ur_v2_engine'|,3';\'avelengE] mask_sweep [ Help l I Apply ] Pro_?ects Cancel ]

More details will be shown in the demo case.
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Help

Py oKk P—

Apply the modified
content to the project,
but still stay in the editor

Skip the modification
and quit the editor

Apply the modified
content to the project,
then quit the editor
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d) Working layer

Working Layer i
ng Lay General setting
cap Zmin 0 Zmax 27 Background [Air '] Mask [SE“—S v] [ et General Parameters ] fOI’ th |S Iayer
. Mask Pattern

[ Generate Random Pattern ] User defined seed Apply to Layer
from Picture
Stretchto fit | ask Density [/] Allow mask on edge [V] Mask Orly

Selection Mode

to All Layers

Synchronize Pattern ‘

Domain Ymax

Canvas to

define mask
pattern
0 Domain Ymin
0 X Cell:{0,0) Pos:(10.4233, 0.682105) 40.5
Domain Xmin Domain Xmax

Cursor position in canvas 148



cap

name

General setting for this layer

Zmin 0 Zmax 27 Background | Air vl Mask |sem_5 v| | Set General Parameters |

Layer’s | T

The Z range of this
layer. For an empty
layer, it can be any
values. For not
empty layers, the Z
ranges can’t be
intersect.

It will not be used in
this version. Because
the editor generate
the box for mask only

Set left definitions to
the working layer

All the boxes in the
mask pattern will
use this material
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Pattern Canvas

» there are 3 modes for this canvas

U selection mode
U image operation mode
U mask operation mode

Mode |S Selection Mode

shown here

Switching modes by
right click menu

Selection mode

Image operation mode

Mask operation mode

Refresh canvas

Rollback mask

Show mode info on screen

Clear selection

Clear mask

Set selected blocks as the mask

Add selected blocks as the mask

Remowve mask under the selections

Cell:(1,2) Pos:(18.0209, 38.0274) 40.5
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General information

» the canvas is divided into block by the mesh defined on the top of the editor

» for each block:

Selection Mode

This color means this
block is selected

This color means
this area is the
background

X Cell:(0,0) Pos:(6. 15349, 5.11579) 40.5
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Note: an existing box can be not exactly aligned to the mesh grid,
as shown in the following figure

Selection Mode 400

-100 X Cell:(9,5) Pos:(135.659, 61.7395) 400

This is very common when the mesh is changed with the existing

pattern kept as KF_.EPF,at,ml -




Pattern Canvas:: selection mode

» the bounding box a block
under cursor will be shown

> left click mouse will select
the block under cursor

Q additionally, with the

“Ctrl” key is pressed,
the block can be
added/removed from
existing selections

» with right click menu, the
selected blocks can be
[ set as the mask, the
old mask will be
removed
U add the block to
existing mask
L remove them from
mask, it is equal to set
these block as the
background

Selection Mode

v | Selection mode

Image operation mode

Mask operation mode

Refresh canwvas

Rollback mask

Show mode info on screen

Clear selection

Clear mask

Set selected blocks as the mask

Add selected blocks as the mask

Remove mask under the selections

i X cell:(0,2) Pos:(9.85814, 32.2295) 40.5
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Pattern Canvas:: image operation mode

» the image will be

o | | With this button, a image
can be loaded in to the

TIstemn@at . canvas in any mode

converted to mono-color

Image Operation 400
» the image can be shrink to M T
the original size, or extent to : Selection mode !
. . | ¥ Image operation mode

flt the S|Ze Of Ca nvas \ | Mask cperation mode 1
| 1
. i Refresh canvas i

» the image can be N ook et v
Operated as \\\ ! v Show mode info on screen :
| Hide image 1
» user can drag the image to | Reverse image !
.. . | Rotate image by CW 90 degree H
any position in the canvas — L | Srect g o it camres !
Use original image 1

-50
-100 X Cell:(5, 14) Pos:(41.8605, 279.684) 400
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With an image is loaded, in the selection mode, user can define
the selection area by the dark area of the image, then convert

this selection to mask.

Selection Mode

[ ]

v | Selection mode

Image operation mode

Mask operation mode

Refresh canvas

Reollback mask

Show mode info on screen
Clear selection

Clear mask

Set selected blocks as the mask
Add selected blocks as the mask
Remove mask under the selections
Hide image

Reverse image
Rotate image by CW 90 degree
Strecth image to fit canvas

Use original image

O
_
Add

selection as
the mask

Set selection
by the image

-100 X

Cell:(2,17) P

Set image as selection

Add image to selection
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Pattern Canvas:: mask operation mode

» the bounding box a box under
cursor will be shown

» left click mouse will select the
box under cursor
Q additionally, with the
“Ctrl” key is pressed, the box
can be added/removed from
the existing selections

» with right click menu

= for a single selected box
Q shrink, extend, auto
align to grid
U edit it’s corners by
user input
U decompose a big box
into multiple 1x1 blocks
U delete the box

= for multiple selections
=" merge them into a big
box

Edit Mask

Selection mode
Image operation mode

Mask operation mode

Refresh canvas
Rollback maszk

Show mode info on screen

Merge selected items into one block

A

Decompose selected item inte 1xl blocks
Edit selected item

Extend selected item to grid
Shrink selected item to grid
Auto fit selected itemn to grid

Delete selected itemns

. Selection mode
Image operation mode

v Mask operation mode

Refresh canvas

L

Rollback mask

/
pd
/
-100 X

Cel v Show mode info on screen

400

Merge selected items into one block

Decompose selected itemn into 1x1 blocks
Edit selected item

Extend selected item to grid
Shrink selected itern to grid
Auto fit selected itern to grid

Delete selected items




If the mask in the canvas is changed, user can go back to
the previous pattern by the menu item “Rollback mask”

1

Selection mode
Image operation mode

Mask operation mode

Refresh canvas

Rollback mask

Show mode info on screen

Clear selection

Clear mask

Set selected blocks as the mask

Add selected blocks as the mask

Remove mask under the selections
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Apply the editing mask in the canvas to the layer

» all blue color boxes shown in the canvas will be
converted to 3D boxes in the layer. These boxes use
the mask material of this layer.

» If a box is not assigned a name in canvas, the new
box will be automatic assigned a name by GUI

B., Layers
- absorb
el box_2

Variables
Editor

- 1

absorb Zmin 27 Zmax 39 Background [Air V] Mask [sern_4 -
Mask Pattern
’ Generate Random Pattern ] ] User defined seed Apply
[stretch to it Mask Density Allow mask on edge Mz
Selection Mode
Original box
, , boxes i
in this layer

Apply to Layer

Mask Cnly

the cdanvas

Synchronize Pattern
to All Layers

After “Apply to
Layer”
All Layers
% Layers =
J-¢% absorb
‘, box_2

- absorb_mask_10_8
i@l absorb_mask_12_8
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Note: if the mask in the canvas has been changed, there will
be a warning message shown in the editor.

Y (40.5 Mesh for all layers Uniform ¥ pixels 3

Y Pixels 3 XY Grid | Edit [¥] Keep Pattern

Working Layer

HHHHH

HHHHH

cap

Mask Pattern

Zmin 0

Zmax 27

Background | Air | Mask [sem_E v] [SetGeneral Parameters
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Set the pattern of all listed layers as the same as the working layer

As shown in the following figure, both 2 layers e

Synchronize Pattern

will have the same mask pattern. [7]Mask Orly R
But in each layer, the box of mask will use the
mask material of this layer, and also use the Z
range of this layer only. o
g_gf:p ap Zmin O Zmax 27 Background [M v]Mask [sem_& V] [SetGenera] Parameters]
I, & cap_rand_2_0
(- & cap_rand_0_1 Mask Pattern

----- & cap_rand_1_1
[ & cap_rand_2_1

[ & cap_rand_1_2 ?::: P_atheren Generate Random Pattern User defined seed Apply to Layer Synchronize Pattern
- T to All Layers

B4 2 e 20 [ Stretch to fit Mask Density [/] Allow mask on edge [/]Mask Only
..... ab_rand_2_

----- & ab_rand_0_1
----- & ab_rand_1_1
----- & ab_rand_2_1
----- & ab_rand_1_2

Edit Mask

40.5

Variables
Editor
Generate Projects by
Random Pattern
Generate Projects by
Parametric Sweeping

[ 2bart cir datinn - - . 1 60




After the mask for all layers are finished, press “Apply” or “OK” button to
implement these mask patterns in the project. The boxes will be shown as

All Layers

E Layers

Sd cap

----- & cap_rand_2_0
i el cap_rand_0_1
@l cap_rand_1_1
i @ cap_rand_2_1
----- & cap_rand_1_2
B¢ ab

----- & ab_rand_2_0
----- & ab_rand_0_1
----- & ab_rand_1_1
----- & ab_rand_2_1
----- & ab_rand_1_2

Variables
Editor
Generate Projects by
Random Pattern
Generate Projects by
Parametric Sweeping

[ etart cimiidatinm

Working Layer

cap

Mask Pattern

Load Pattern
from Picture

Generate Random Pattern User defined seed

Stretch to fit

Edit Mask

Lok ]

Background [Air

v | Mask [sem_5 | [ setGeneral Parameters |

Mask Density [7] Allow mask on edge

Apply to Layer

[Z]mask only

Synchronize Pattern
to All Layers
40.5

R A e r

T | + + Ak A | = = ] -

ct

& Solids

-4 ab

-4 cap

..... ‘} |a]'r_31_c|:]_:]
----- g layer_bl_cil]
----- & lay_al_c(2)
----- & layer_bl_ci(2)
----- & lay_al_c(3)
----- g layer_bl_c(3]
----- & lay_al_c(4)
----- & layer_bl_ci(4]

ESC to Unselec
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Note: the random mask pattern generating

Genera
Patter

i!l @ 7ipfdistr. Maskprob, 0.5 Private seed

Rand distr. Mask Ma. |Regular Allove mask on edge

There are 2 random methods

1) Zipf distribution - user need to define the probability of mask cells

2)

appear in the pattern. For example, for a pattern with 100 cells, if user
define the probability as 0.2, the number of mask cells appears in the
pattern will be around 20.

Normal random distribution — the GUI will generate random number
for each cell, if the number is higher than a threshold, the cell will be
marked as mask cell.
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Generating a random mask pattern by

Zipf distribution
Generate

(Note: it will create a pattern by selected blocks, user | Pattemn
need to use the menu item “Set/Add selected blocks as
mask pattern” to implement this random pattern)

i@ Zipf distr. Mask prob.

0.2

[T Private seed

Q= e e s PR P Lo

e

| Allow mask on edge

Selection Mode
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Generating a random mask pattern
by normal random distribution

(Note: it will create a pattern by selected blocks, user

need to use the menu item “Set/Add selected blocks as

mask pattern” to implement this random pattern)

Generaif

Pattern

(") Zipf distr.  Mask prob, 0.2 [] Private seed

@ Rand distr. Mask Mo. Allow mask on edge

Regular

With margin on the edge

Coarse

Dense
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Manually editing a box, including the variable usage

Double click
any boxin

the tree

- ab

----- & ab_rand 2 0
----- & ab_rand 0_1
----- & ab rand_1 1
----- & ab rand 2 1
----- & ab rand_1 2

/

20 Box Editor

MName al

Corner 1 (x¢,y) X,

13.5

Corner 2 (x,y)  13.5+4x, 13.5+y

oo ]

Or, in the “Edit Mask” mode,
double click the selected item.

Edit Mask

/

User can modify

»Name: if the name part is empty, means that it

will use the name assigned by GUI

» Corners: the coordinates can use variable
Please check here to show variables in GUI
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Demo |

Automatic batch simulation for multiple
Lithographic projects with random mask patterns

Box in capping
layer

» We have an existing 40.5x40.5 nm?2 EUV case
shown as the figure
> All layers and SEM solver must be set

up correctly before we do this batch job
» For the capping layer and the absorber layer,
there is only one box in these two layers (or
there can be empty layer also)

» We want to simulate multiple projects with
random mask patterns

Box in absorber
layer

#-E8 Materials
----- Chip Images
™ Curves

----- D Faces

=@ Solids

‘_, |3}r_31_c |:]_:]

166



Assuming the existing project is the “case_3_eng2_rand.wnt” in the folder
“D:\sim_case\sem\cases_for_v2_engine\3wavelength_with_hole”

» Load Project into GUI

» Make sure the SEM
solver setup and
snapshot definition are
correct. Because all
projects created for
auto simulation will
use these setup

3] e 1

[ e Setup SEM Simulation }

"

-

SEM Solver Setup

Warking Wavelength or Frequency

@ Wavelength  (nm) 13.5

Mesh
() Automatic

() Freq.

(PHz)

version 2 -

Solver Option

Incident Waves

(Mote: The angle of this incdent wave has a different definition
from WCT plane wave. Theta or Phiis the angle between the

propagation vetor and the {-Inf,0] part of an axis.)

Points Per Wavelength (PPW) Synchronize PPWs () Theta and Phi @ K value
PPWW-X PPW-Y PPW-Z u == | i aT=1m =10} E L
~
Max Adjacent Cell Ratio Kx Ky Kz °
_ 1 4.8550e+007 0
Mx Ny Nz 3 )
@) User Define (Unit: project) 4
Load ] ’ Edit l [ Clear z
6 o
Order 1| 1] | r
¥ 4 Yy 4 Z |7
More Rows ] [ Remowve Empty Rows ] [ Clear
- oNapenoT
Volume Position ¥min 0 ¥max 40.5 ¥min 0 ¥Ymax 40.5 Zmin  52.5 Zmax 66
Sampling Points Mx 31 My 31 Nz 3 Additional 2D Z Plane IndexinZ 1

Options

Green's Function Length (unit: wavelength, range: 4-100) default

Max Iteration No. [50,300] 100

["|Enable InExact Integration Scheme for High Order Base

[] Export Scattered Field

| o

Start Simulation

| Apply |

E Polarization
Solver Data Type

Cancel
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» Select layers “ab” & “cap”, enter the Mask
Editor by popup menu item “Edit Mask Pattern”

Shopw

HiI
CTeate Box

|

Log

the projed
the simula

Create Sphere
Create Torus
Create Cone

Create Ring

Change Mame
Change Material
Change Transparency
Medify Mesh

Delete

Array Copy
Translate
Mirror
Rotate

Scale

Create Cormponent

Mawve to Component

Edit Mask Pattern
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In the Mask Editor,
double click each
layer-node to check
whether those items
are correct or not.

» Z range of the
layer

» the material for
the mask

If all setting are
correct, press this
button to set up the

batch control. \

If user want to start
simulation
automatically after

Mask Designer . L2 P 2T Yy

General for All Layers

Mask Size {nm) X |40.5

All Layers

Layers

Variables
Editor

Y

Generate Projects by
Random Pattern

Generate Projects by
Parametric Sweeping

[ start simulation

40.5 Mesh for all layers Uniform ¥ Pixels 3 ¥ Pixels 3 XY Grid Edit Keep Pattern Re-mesh
Working Layer
ab Zmin 27 Zmax 39 Background [A.ir v] Mask [sem_4 '] Set General Parameters
Mask Pattern
@ Zipfdistr. Maskprob. 0.5 Private seed Fy o
Lff":: FFiiacthb.Jerr: Generate | ’ g - Ll Swir.:]?ife o
Pattern | (7 Rand distr. MaskMo. |Regular Allow mask on edae B
[[stretch to fit Mask Only
[ The number of mask in the pattern }
Selection Mode 40.5
Apply
Y
0K
|
1]
a X Cell:(1,2) Pos:(14.4419, 40.5) 40.5

multiple project are |

generated, please
check this option
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r —_— |
Multiple Projects with Random Pattern ﬁ

E]l e The ta rget PFOJeCtS will be
) stored in this folder

The number ufpm](ts
The meaning of these

(@) Zipf distribution Mask prob. 0.5 (71 Rand distribution  Mask Mo, | Regular pa rts are th e same as

the definition in here.
[ Private seed allow mask on edge -

—
How many projects we

will generate. Each
project has a mask
pattern generated by
random number.
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After “OK”, we can see 10 projects are created in the target folder.

r| . » Computer » Extl (I¢) » sim_case » semn » cases_for_vZ_engine » 3wavelength_with_hole » proj_rand_pattern »
r v Include in library - Share with = Mew folder
rites Mame Date nﬁcc[ifiecl Type
sktop |Z| case_3_eng2_rand_0.wnt 12/2/2019 6:09 PM WHMT File
rwhloads |Z| case 3_eng2_rand_1.wnt 12/2/2019 6:09 PM WHT File
ophbox |Z| case_3_eng2_rand_2.wnt 127272019 6:09 PM WHMT File
rogle Drive |Z| case_3_engZ_rand_3.wnt 12/2/2019 6:09 PM WHT File
«cent Places || case 3_engl_rand_4.wnt 12/2/2019 6:09 PM WHT File
|Z| case_3_eng2_rand_S.wnt 12/2/2019 6:09 PM WHMT File
aries |Z| case_3_eng2_rand_G.wnt 12/2/2019 6:09 PM WHMT File
yocurments |Z| case_3_eng2_rand_T.wnt 127272019 6:09 PM WHMT File
usic |Z| case_3_eng2_rand_8.wnt 12/2/2019 6:09 PM WHMT File
ctures (2] casEiEngz;randﬁ.wnt 12/2/2019 6:09 PM WHT File
bwersion || rand_pattern_batch_sim.txt 127272019 6:09 PM Text Docurnent

Meanwhile, a batch file can be used for WCT simulation manager is

created as

| rand_pattern_batch_sim.tet - Notepad = | E] -
File Edit Format View Help

['D:Ysim_case\sem'\cases_for_v2_engine'3wavelength_with_hole/proj_rand_pattern/case_3_eng2_rand_0.wnt" SIMTYPE=£m-5em -
"Dihsim_caseh\semicases_for_v2_engine'3wavelength_with_hole/proj_rand_pattern/case_3_eng2_rand_1.wnt" SIMTYPE=em-5&em
"Drhsim_case\sem\cases_for_v2_engine‘3wavelength_with_hole/proj_rand_pattern/case_3_eng2_rand_2.wnt" SIMTYPE=em-sem
"Dihsim_caseh\semicases_for_v2_engine' 3wavelength_with_hole/proj_rand_pattern/case_3_eng2_rand_3.wnt" SIMTYPE=em-5&em
"Drhsim_case\sem\cases_for_v2_engine‘3wavelength_with_hole/proj_rand_pattern/case_3_eng2_rand_4.wnt" SIMTYPE=em-sem
"D:hsim_casehsem\cases_for_v2_engine' 3wavelength_with_hole/proj_rand_pattern/case_3_eng2_rand_5.wnt" SIMTYPE=em-sem
"Drhysim_case‘\sem'cases_for_v2_engine‘3wavelength_with_hole/proj_rand_pattern/case_3_eng2_rand_&.wnt" SIMTYPE=em-sem
"D:ihsim_casel\sem\cases_for_v2_engine' 3wavelength_with_hole/proj_rand_pattern/case_3_engZ_rand_7.wnt" SIMTYPE=€mM-5&m
"Drhysim_case‘\sem'cases_for_v2_engine‘3wavelength_with_hole/proj_rand_pattern/case_3_eng2_rand_8.wnt" SIMTYPE=em-sem
"Dihsim_casehsem\cases_for_v2_engine' 3wavelength_with_hole/proj_rand_pattern/case_3_engZ_rand_9.wnt" SIMTYPE=€mM-5&m

-_—m——




If the “Start Simulation” option is checked
in generating t projects, the WCT Varsbles
simulation manager wi open to load
that batch file and start simula
these projects automatically.

Fandom Pattern

Generate Projects by ‘

Generate Projects by
Parametric Sweeping

| 5tart simulation

If user don’t want to simulate these case
immediately, he still can use the WCT
simulation manager to simulate these
projects later.
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Here, we show the “case 3 eng2 rand 9.wnt” create from previous steps.

Angle view
of project

Angle view of
project with
the SEM grid

t | View | Coordinates Simulation Postprocess

X-Y view

E Toolbar 3
| Window 3
| ZoomIn r
|
3 Zoom Out
=5i
I View Mode 3
| Advance 3
|
1 Reset View
| Autofit View to Selected Body
17 Front View
’” Back View
bs )
- Left View
‘a Right View
rc Top View
5 Bottom View
art
i Color Options
at,
nig RCS Radiation Pattern 3
an Allow background selectable as solid/face
ICE
ny Tane upwarg

Show Grid for SEM Solver

New 2D Canvas
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Demo |l

Automatic parametric sweeping for Lithographic
project

Box in capping
layer

» We have an existing 40.5x40.5 nm?2 EUV case
shown as the figure

> All layers and SEM solver must be set
up correctly before we do this batch job
» For the capping layer and the absorber layer,

Box in absorber
layer

there is only one box in these two layers (or a--- "é";_tegia's
there can be empty layer also) o
» We want to simulate multiple projects by [_;E E;‘IZ‘S
sweeping the mask from x=13.5 to 27 by a step EW.Y:b
LD a3
_ Ll a2
‘, bottom
‘, lay_al_c(1)

X=13.5
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Assuming the existing project is the “case_3_eng2_para.wnt” in the folder
“D:\sim_case\sem\cases_for_v2_engine\3wavelength_with_hole”

» Load Project into GUI

» Make sure the SEM
solver setup and
snapshot definition are
correct. Because all
projects created for
auto simulation will
use these setup

3] e 1

[ e Setup SEM Simulation }

"

-

SEM Solver Setup

Warking Wavelength or Frequency

@ Wavelength  (nm) 13.5

Mesh
() Automatic

() Freq.

(PHz)

version 2 -

Solver Option

Incident Waves

(Mote: The angle of this incdent wave has a different definition
from WCT plane wave. Theta or Phiis the angle between the

propagation vetor and the {-Inf,0] part of an axis.)

Points Per Wavelength (PPW) Synchronize PPWs () Theta and Phi @ K value
PPWW-X PPW-Y PPW-Z u == | i aT=1m =10} E L
~
Max Adjacent Cell Ratio Kx Ky Kz °
_ 1 4.8550e+007 0
Mx Ny Nz 3 )
@) User Define (Unit: project) 4
Load ] ’ Edit l [ Clear z
6 o
Order 1| 1] | r
¥ 4 Yy 4 Z |7
More Rows ] [ Remowve Empty Rows ] [ Clear
- oNapenoT
Volume Position ¥min 0 ¥max 40.5 ¥min 0 ¥Ymax 40.5 Zmin  52.5 Zmax 66
Sampling Points Mx 31 My 31 Nz 3 Additional 2D Z Plane IndexinZ 1

Options

Green's Function Length (unit: wavelength, range: 4-100) default

Max Iteration No. [50,300] 100

["|Enable InExact Integration Scheme for High Order Base

[] Export Scattered Field

| o

Start Simulation

| Apply |

E Polarization
Solver Data Type

Cancel
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» Select layers “ab” & “cap”, enter the Mask
Editor by popup menu item “Edit Mask Pattern”

Shopw

HiI
CTeate Box

|

Log

the projed
the simula

Create Sphere
Create Torus
Create Cone

Create Ring

Change Mame
Change Material
Change Transparency
Medify Mesh

Delete

Array Copy
Translate
Mirror
Rotate

Scale

Create Cormponent

Mawve to Component

Edit Mask Pattern
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In the Mask Editor,
double click each
layer-node to check
whether those items
are correct or not.

» Z range of the
layer

» the material for
the mask

Mask Designer

l._— - ——

General for All Layers
Mask Size (hm) ¥ | 40.5 Y |40.5 Mesh for all layers Uniform ¥ pixels 3 ¥ Pixels 3 ¥y Grid Edit Keep Pattern Re-mesh
All Layers Working Layer
[= Layers
El-¢ ab cap Zmin 0 Imax 27 Background [m’r v]ll'"'lask [sem_& v] et General Parameters
o
B¢ Mask Pattern
[ ‘ az?
'-F‘r’ad ;.E‘;E'” [ Generate Random Pattern ] [T user defined seed Apply to Layer Synchranize Pattern
om re
) to All Layers
[ Stretch to fit Mask Density -Rﬁgular - Allow mask on edge Mask Only

Selection Mode

Variables
Editor
Generate Projects by
Random Pattern
Generate Projects by
Parametric Sweeping

|| start simulation 0

Apply

cell:(0,2) Pos:(0.0627907, 29.5011)

CK Cancel
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Make sure that:
» 2 layers have the same shape of pattern

» the corresponding box that will be swept has been defined by variable

(= Layers
Elﬁj ah ab Zmin 27 Zmax 39
o ‘_, a3 g
=€ fip 2D Box Editor |
- az

Mame E

Corner 1 (¢,y) 13.5, 13.5

Cormer 2 (,y) | 13.54%, 13.5+y

Here, user can define one layer correctly, then use
“Synchronize Pattern to All Layers” to build other layers. It
can simplify the procedure.
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r y
Mask Designes I_ - — [
General for All Layers
Mask Size (hm) ¥ | 40.5 Y |40.5 Mesh for all layers [¥]Uniform ¥ pixels 3 ¥ Pixels 3 ¥y Grid Edit [¥] keep Pattern Re-mesh
All Layers Working Layer
[= Layers
Bﬁ) ah cap Zmin 0 Zmax 27 Background [m’r v] Mask [sem_& v] Set General Parameters
Lol a3
B\ﬁ) Mask Pattern
[ & a2
LF:r,ad ;.a‘iem [ Generate Random Pattern ] [|user defined seed Apply to Layer Synchronize Pattern
om re
) to All Layers
[ Stretch to fit Mask Density -Rﬁgular - Allow mask on edge Mask Only
Selection Mode 40.5

If all setting are
correct, press this
button to set up the
batch control.

Variables
Editor
Generate Projects by
Random Pattern

If user want to start — |
Si mu Iatio n Generate Projects by

. Parametric Sweeping .
automatically after
multiple project are
generated, please Help Apply oK Cancel

check this option 179
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’
Edit Parameter Sweeping 0 8 -_ - - . . g

List of parameter set @ @ Edit a variable parameter
Enable Mame From To Times - SEIeCt the
From E e | variable x
Add Delete Modify

Edit & sequential excitation

Mew Delete Modify

Enable this parame@

4

oot folder for new projects Sub-Folder

Make
Projects

D:‘l,sim_mse‘l,sEm‘l,mses_Fnr_vE_engine‘l,SwavelengE mask_sweep / Help | ‘ Apply ‘ ‘ ‘ Cancel ‘

The target projects will be
stored in this folder

Edit a variable parameter

hen add it to

Mame | choose X -

List of parameter set @ @ the para meter
From 13.5 To 27 Times 2

Enable] Mame Fram To Tipes Set
es N 13.5 27 Delete Modify

Define the seeping range
Make sure this set and steps for x

is Enabled e



-

If there are multiple variables for the box, more sweeping can be
added by fche same way.

Edit Parameter Sweeping - -

List of parameter set @ E] Edit a variable parameter
Mame |x choose -
Enable Mame From To Times
fes X 13.5 27 2 Fram 13.5 To 27 Times 2
Add [ Delete ] [ Modify ]
Edit a sequential excitation
(A= MNelate "d-.: £
Enable this parameter set
Root folder for new projects Sub-Folder
Make

D 'sim_rcase'sem'\cases_for_vZ_engine'3waveleng E] mask_sweep ‘ Help ‘ ‘ Apply Prajects Cancel ‘

After the sweeping definition is done
multiple projects by “Make Projects” button.

er can generate the

If the “Start Simulation” option is checked in generating these

projects, the WCT simulation manager will be open to load that
batch file and start simulation on these projects automatically.



We can see 2 projects are created in the target folder.

#| . » Computer » Extl (D:) » sim_case » semn » cases_for vZ_engine » 3wavelength_with_hole » mask_sweep »

A Include in library = Share with = Mew folder

fites Mame Date mu:u:lTifiEu:I Type
sktop || batch_sweep_sim dad— 12/1/201911:21 PM Text Doo
wnloads [E] case_3_eng2_para|psl wnt 12/1/201911:21 PM WNT File
ipbox |Z| case 3 engl_paral ps2 jvnt 12/1/201911:21 PM WNT File
ogle Drive || sweep_paramet r!m_apping.b:t 12/1/201911:21 PM Text Doo

Meanwhile, a batch file “batch_sweep_sim.txt” for WCT simulation
manger is created also.

e —

j batch_sweep_sim.txt - Notepad - / E@ﬂ
| File Edit Format View Help

['D:\sim_casesem\cases_for_v2_engjfe' 3wavelength_with_hole/mask_sweep/case_3_eng2_para_psl.wnt” SIMTYPE=em-sem -
"D:\sim_case‘\sem'cases_for_v2_engine'3wavelength_with_hole/mask_sweep/case_3_eng2_para_ps2.wnt" SIMTYPE=&m-5Sem

A mapping filesweep_parameter_mapping.txt” to show the
mapping of hame to the real value of the variable is created also.

-

j sweep_parameter mapping.txt - Motepad

File Edit Format | View Help

psl @ X 132.5
ps2 : X 27
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Here, we show the “case 3 eng2 para ps2.wnt” for x=27 as shown in
“sweep_parameter_mapping.txt”

X-Y view

t | View | Coordinates Simulation Postprocess Tools |

E Toolbar 3 [.5
| Window 3
| ZoomIn r
|
3 Zoom Out
iSI View Mode 3
| Advance 3
|
1 Reset View
|
1

Autofit View to Selected Body

Front View
’” Back View
bs )
- Left View
‘a Right View
rc Top View
5 Bottom View
art
i Color Options
at,
nig RCS Radiation Pattern 3
an Allow background selectable as solid/face
ICE

T} L axis upwara

Angle VieW Angle VIeW Of :;( v Show Grid for SEM Solver

of project project with D G .

the SEM grid




Note:

» above 2 demo cases all are based on the “layer defined by
boxes” example, this example comes from the EUV template:
layer_by box in the WCT SEM demo package.

»User can also use another example “define layered media as
background” in the EUV template: pure_layer. The usage of the
mask editor is the same.

» The comment on the 2 EUV templates can be refer to
» layer by box template
» pure_layer template
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Appendix Il : Process Simulation Result
Data by Matlab

Here, we show how to use Matlab code to read the simulation result file
» the folder storing the data file and the format of file are shown at here
» the demo case for the code is the 2"d parameter in the sweeping case

» the case name is: case_3 _eng2_para_ps2.wnt

Following is the figure in Matlab for the |Ex| at the 3™ Z planes in the snapshot. The
source code is shown in the next page, the coresponding m file is “./

mask_editor_demo/parametric_sweep /check _sem result.m” in the demo package.

30
25

20

y cell

15

10

5

10

15 25 30
% cell

20
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close all;
clear all;

%%%% the sub-folder to store the project files %%%%%
sub_folder = 'mask_sweep';

%%%% project name %%%%%
proj_name = 'case_3_eng2_para_ps2';

%%%% the full path for the E field data in P polarization, for whole snapshot
%%%%%

proj_full_path = sprintf( './%s/%s_res/sem/%s_snapshotEUV_k1_p_file2.txt',
sub_folder, proj_name, proj_name );

%%%% load the data file %%%%%%%
data = load( proj_full_path );

pos = data(:,1:3);
ex = complex( data(:,4), data(:,5) );
ey = complex( data(:,6), data(:,7) );
ez = complex( data(:,8), data(:,9) )

’

%%%% define nX, nY, nZ in each axis, these values can be obtained from WCT
%%%% SEM solver setup dialog

nX=31;

nY =31;

nZ=3;

if( length(ex) ~= (nX*nY*nZ) )

disp( 'the number of data does not fit, quit!' );
return;
end;

%% %%%%%%% %% reshape data to 3D %%%%%%% % %% %%
ex = reshape( ex, nZ, nY, nX );
ey = reshape( ey, nZ, nY, nX);
ez = reshape( ez, nZ, nY, nX );

%%%%%%%%%%% extract one Z plane from 3D data array
zid = 3;

ex_a = squeeze( ex(zid, :, :) );

ey_a =squeeze( ey(zid, :,:) );

ez_a =squeeze( ez(zid, :, :) );

%%%%%%%%%% show abs of each component %%%%%%%%%%%%
tmp = abs(ex_a);

color_max = max( max( max( abs(ex)
color_min = min( min( min( abs(ex) )

~

);

’

)
)

~

figure;

pcolor(tmp );

caxis( [color_min color_max] );
shading interp;

xlabel( 'x cell');
ylabel('y cell');
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Appendix Il : Displaying the mesh grid
for the SEM solver

In some situations, user want to know whether the mesh grid for the SEM solver
is setup correctly or not. Especially for the user defined SEM mesh grid. However,
the default shown grid on the main canvas is the FDTD grid.

View | Coordinates Simulation Postprocess Tools

Toolbar » f
So, user need to switch the displaying mesh type to Window ' I[
. Zoom In

SEM grld by | Zoom Out f'

il View Mode 3

£ Advance 3

f

P Reset View

T

Autofit View to Selected Body

Front View
. . . . ! Back View
With this menu item is checked, 1 Lovios
q Right View
Color Options Top View

Bottom View

RCS Radiation Pattern 3 1 Color Options

Allow background selectable as solid/face RCS Radiation Pattern 3

. Allow background selectable as solid/face
Z axis upward

{ Z axis upward
v Show Grid for SEM Sobver « > Show Grid for SEM Sofver
Mew 20 Canvas g New 2D Canvas
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When click to show the mesh i |}ﬂ & | (e [FleEF ez ") &
grid, the SEM mesh grid will be ==Y  EEES OBR| 0L
shown in the blue color. A I[N

TIenLu

Then, user can check the grid
by different view angles.

(Note: user need to un-check this menu item if
need to return to the FDTD solver) 188



END



