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Introduction

mm Motivation & Need for development
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Introduction

mm Motivation & Need for development

»
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Introduction

mmm» Developed 3D simulator

* Fluid equation + Boltzmann equation 1 KOty os prcescn
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Plasma Modeling

mm Flyweight pool and composite pattern
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Plasma Modeling

= | og transformation

* Improves linearity between independent and dependent variables on, _n, on, 8(1nne) n oN,
« CCP 1D discharge — reduce grid dependence of results
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Plasma Modeling

s [K-PLASMA unit test

12.5cm

5.25cm

1nF

22 cm

reference

this work

lan_Density

140804015
105604015
704404014
3525e+014

5.038e+011

Hammond et al, J. Comp. Phys. 176, 402 (2002)
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5.000e-001
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Plasma Modeling

mmm» Database development

Bulk and surface chemistry data base (DB) are necessarily required to compute the plasma parameters.

High reliable DB is closely related with accuracy enhancement of simulations.

- ——— -

Plasma Database
- Collision cross section
- Ionization rate

- Dissociation rates
- Recombination rate ...

fChemicaI Database

[ ]

- Chemical reaction rate

" Material Database
- Secondary electron emission
- Sputtering yield

Reactor Parameters
- Reactor Geometry
- Working Gas
- Power
- Pressure
- Biased Power ...

gt

Plasma Source Simulators

v

[ X ]

- Etch rate

- Deposition rate
- Implantation depth ...

-

Database

-

- TCP/ICP, CCP, ...

Il

Surface & Profile Simulators
- Etch, Deposition, ...

v

\Ilﬂ

[ ]

-
Plasma Parameters

- Plasma Density
- Radical Density
- Static Potential
- Ion Energy

- Sheath Potential
- Uniformity ...

Surface Parameters

- Etch Rate
- Deposition Rate

- Surface Reaction rate )

Simulator

R e e Ny e
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Plasma Modeling

mmm» Database development

Software Key DB
CFD-ACE+ Ar, SiH,/O,/Ar, NF4/Ar, C,F4/O,, CF,, Cl,, He, Ne, N,, O,, Xe, SF4/O,
COMSOL Ar! He’ Hg’ 02
Ar, He, Xe, H,, N,, O,, Ar/O,, Ar/O,/H,, CF,, C,Fg, C,Fg, CHF3,
VizGIow CF4/02/He, C2H2/Ar, HBr, SiH4/N2, NF3, NH3/N2/H2/AF, NF3, NF3/02,

SF4/O,, BF/Ar

N,/H,, Ar/H,, O,/H,, SF4/O,, CF,/O,, CF,, CF,/O,/H,/N,, C,Fs, SiH,,
SiH,/NF,, Ar/O,, Ar/O,/C,Fg, SiH,/Ar/O,, Ar/Cu, Cl,/O,/Ar, Ar/BCl/Cl,,

QuantemolDB AINF 5, CHy/H,, CoHy/H,, CHLINF 5, Hy/O,, CF,/CHF4/H,/Cl,/O,/HBr,
SF/CF,/O,, Ar/Cu/He, Ar/NF, SF5/CF,/N,/H,
K-SPEED C1F1/CyoF o/ CH,F JO,/Ar, NF5/Ar, SiH,/O,/Ar

https://www.quantemoldb.com/chemistries/all-chemistries, http://esgeetech.com *This information may have been updated 12




Plasma Modeling

mmm» Database development

» APMS (appearance potential mass spectrometry) method and the microwave cut-off probe
« Reducing the back-ground noise inside the QMS by using a chopper (W. S. Chang et al, to be published)

(b)
G e —
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Sampling tfnhl:f:';'_ ) e
v puide - 40cle!
s 4x10% 4 2 **
o Beam ’(F E 20c10°
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&
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lon source (CMA) Mass ﬁlter .g o= Probe lﬁas feeding =
= o ES % =
828 ——K] g 20’
o - E
Plasma = T = _/ = Induction Saurce 3
| ; |~—| -_- coll power 1x10° Ref.Ar at 20 mTorr
\\_ -‘ 13,56 Mtz /.f. e Linear fitting for ch.open
e P ﬁ ’\J ;: s Linear fitting for ch.closed
Electrically isolated entrance The analyzer is differ- 15.0 15 2 15‘4 15 6 15.8 160 162 164 16.6
orifice (extraction hoody) that entially pumped to Ceramic| | = El
B — ron-ener V
can be connected to a positive <10 mbar (to ensure Turbio wall ectron-energy (eV)

or negative bias voltage or
operated "floating"

the function of the ion
optical system and
prevent particle inter-
action).

|pump station

Singh et al, J. Vac. Sci. Technol. A 18, 299 (2000)
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Plasma Modeling

mm» Global model
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. . . I Bolt _ N T H
When the EEDF is solved in a self-consistent manner, i‘ D?Séfsggn D I -
=== CCP or Bias !
T, =§<8> 32 I 3/2ﬂ)( ) e Poisson <
I’l
RSM
_ Ay kT, (1+a,)
eff Bre s _ 2
k=| f,(¢)o(s)vds, R= kan”, . Ay =27(Rh, +R,L ;)

o \m(+ay)

D. C. Kwon et al, J. Appl. Phys. 109, 073311 (2011), S. S. Kim et al, J. Korean Phys. Soc. 52, 300 (2008) 14



Plasma Modeling

mm» Global model

» Optimized the rate coefficients for heavy particle reactions excluding electron collisions.
* Numerical optimization (Random sampling, Newton, Secan, Broyden-Fletcher-Goldfarb-Shanno, etc.)

study

. . ‘ QB 50
Cross section Experimental ESle=msl

results [ oo s i e o

| ®ea @
] Species ulk fleaction | % Wall Reaction cr?'wlm
2o | % | Equation | A B | ¢ | Tyee | Loss |Reference | DMemo [& // N
& @ CFA-E- 5277 0001 310%3  Vibraton 011 J. Phys, C- HEJIS 41z : ~.
| & @ cFa-E> 198 09 1%U%3  Vibration 005 J. Phys, C = : / ~
| & @ CFa-E- LBe2  -LOTE 62Med  Vibration 400, Phys, C Toer
| & o cravE- 2326225 2,953 305165 Dissociation 56 J. Phys, C Sl 2
yes N : o Gl ; =
Initial values - = Validated DB | | @ = craeEs 455217 12101 162185 Dissociation 143 J, Phys, C .
_’ . Valldatlon —b | & @ CFaeEo 1.2860-17 1505 162025 Discociation 15,0 . Phys, C P i
E 2] ] CF4+E-> 4386213 1,0375 1,928e5 Dissociativ. 16.3htp/www o—
BE] CFA+E - 2.866e-16 0.9550 1,037 Dissociativ 11.0Jpn, J. App. 2 T - —r - T T 7
|5 o cravE- 22%e-13 0,893 2,595 Dissociativ 22,0ttp/www =i =i =i e =i =t
A m s 4,852e-18 16022 30485 Dissociativ 2.0t/ v -‘s’?mut‘;u:(;m _—
g [@ CFe+E-> 1622629 361 20585 Dissociativ 20t/ fwwn
7l g CF4+E > 1.530e-16 1.3108 4,096e5 Dissociativ 36.0 J. Phys, C
| & @ crarEs 1.021e-17 15677 4,54485 Dissociativ 400 J. Phys. C CF2 radical density
BE] CF4+E > 230le-22 2.4808 4,567¢5 Dissociativ 420 J. Phys, C ; i i
. . B R 1 2%e- 126685 7,394 Dissociatiy 30Jpn,J, Ao
Rate coefficients . . eI e N T T
Globa' Slmulatlon | | & Cra-Es 416%-4 00407 13015 Dissociation 38, Vac, Sci, -
d & Optimization L x i
: 848 3 ~—
Routine < ltme | esssge D R
@ 092052 simulation is started. —_—
@ 09:40:52  /data/inputin’ was successfully opened!
@ 004052 ' /datajrate CFAxmI' was successfully opened! - =
Ser0 a0 Ser10 Bei0
reem3)
 Simulation Curve m CF2
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Plasma Modeling

mm» Global model @ N, discharges No+ densty

2.5e+10 T T T T T T T T T
: : 3 : : : Experiment
: : : : Simulatiﬂn —
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+ ]
o™
- = ’
5e+09 I N - B BN - B B
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N+ density
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4e+09 ; : f : T -
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2e+09 D N B
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10_400 10_600 10 800 20 400 20_600 20_800 30_400 30_600 30_800
Condition (PRS, power)
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Plasma Modeling

mmm» Global model @ commercial source

@ 20 mTorr @ 2000 W

10" — . 10" — .
5 o | —_
5 gﬁ:‘&% 2 _ .
G K
= 2
‘® ‘@
5 10"+ 1 © 10"+ 1
] ° '\—v\v
c c
2 —sim. e ——sim.
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L —A— Exg. Eedge) ) L —A— Exp. (edge)
—v— Exp. (wall) —v— Exp. (wall)
10° i . . 10° T T T
1500 2000 2500 15 20 25
[ ]
4 T T T 4 T T T
center edge walll probe
_—A -
— _— T = I
3{ & : _ 3 %
v o -
v - 4 v — v
= S
L2 i 2, i
o ()
= —
——Sim. ——Sim.
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A Exp. (edge) —A— Exp. (edge)
Pum p v Exp. (wall) —wv— Exp. (wall)
0 T T T 0 T T T
1500 2000 2500 15 20 25
Power (W) Pressure (mTorr)
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Plasma Modeling

mmm» Global model g| om
Cut-off = 0. 08 0e
feeding —— Simulati b c
Probe c l @ . s:;:.:m::. L o8 ®) . -( )
o 010 o o 08
= |LDJ o ko = T os "™ E .
% 005 é i % 03 -
= o =
Induction Source power }B“ ’&-, ‘6"‘ 3
coil rf13.56 MHz G . Lo a8
H H 0.0 02 04 086 08 1.0 0.0 02 04 06 o8 1.0 0.0 0.2 04 086 08 10
6 InCh OXIde Wafer ™ P’[ﬁg ’\/ HBr ratio HBr ratio HBr ratio
06 04 08
(d) i (e) 4}
Ceramic - g0t 2 . 804 .
wall g e So2 e
— X 02 = L 202
2 & = o1 .
P [5) . £
» © 00 { oo T oo
: :I 00 0z 04 06 08 10 00 0z 04 06 08 10 00 02 04 06 08 10
HBr ratio HBr ratio HBr ratio
Sample Turbomolecular
loadin, "
e pump ciz 0 10 20 30 40
I HBr 40 30 20 10 0
N Chuck power
rf13.56 MHz
10" T T T T T T T T
xperiment (bias power = 0 W)
) Bulk plasma model 10% imulation (bias power =0 W) 3
R R prie— . xperiment (bias power = 100 W)
e Flacironaeetial itsiaction Conipared with diagnostics data 10 simulation (bias power = 100 W) 3
: for plasma properties i
« plasma % 10
O B (meter scale) £ 2
l flux, temperature O 10
e Sheath dynami 2 7
R Sheath dynamics g 10 7 | /
l 1AD, [ED byproduct L q0® 7 2 2
| | | !
— 7 | | | 1
107 211 7
sheath Surface reaction model Z | 2 Vl
(mllllmeter scale) St ey 108 P f 2
Compared with etch experiment data 72 ; ;
surface for etch properties 10° 2R 7 ||

(nanometer scale)

CF+ Ar+ CF2+ CF3+ C3F3+ C4F5+ SiF+ SiF2+ SiF3+

species

S. Y. Chung et al. (KISM2022, Busan), Y. G. Yook et al. (KISM2022, Busan)




Plasma Modeling

mmm» Comparison with 2D simulations (C,F./Ar) S

1.00E+14
1.00E+13
1.00E+12
1.00E+11
1.00E+10
1.00E+09
1.00E+08
1.00E+07
1.00E+06
1.00E+05

1.400E+11
1.200E+11
1.000E+11
8.000E+10

6.000E+10

N_e - 1/m*™3 3.815E+016

152E+017
3.5E+016-
14E+017:
20 mTorr, 500 W
7 1.2E+017
2.5E+016
1E+017
2E+016-
BE+016
1.5E+016-
6E+016:
1E+016
4E+016
5E+015
2E+016
o
o
C3F3+_Num_Density - 1/m™3 CF3+_Num _Density - 1/m**3
1.235E+017 2951E+015
25E+015-
2E+015:
CAF6+ CF3+ C3F5+ CF+ CA4F5+ C3F3+ CF2+ CF2 CF3  Ne 1564015
mexp M fluid SW mglobal model L
SE+014-
Plasma Density
0 0
CF2+_Num_Density - 1/m**3.
5.927E+015 ‘CF2_Num_Density - 1/m*3
5.044E+019
5.5E+015 SE-01
SE+015 45E+019
‘ 4.5E+015 4E+019-
ARG 3.56+019
35E+015
3E+019
3E+015
2.5E+015 2.5E+019
2E+015 2E+019-
500 600 700 1564015 1564019
1E+015 1E+019
SE+014

—=e&—cxperiment ==@=fluid SW ==@=global model

5E+018:
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Plasma Modeling

E— Developed bulk databae

C4Fo/Ar 0 0

C4Fs/Cl/Ar 0 0 0 Ar 0 0 0
C4F/Ar 0 0 0 CF,/0, 0 A 0
C4Fo/C4Fs/Ar 0 0 0 CF,/Cl, A X A
C4F¢/0,/Ar 0 0 0 PF, A X A
C4Fs/C4F/O, 0 0 0 SF, A X A
C4F s/ C4Fs/ CH,F,/0, 0 0 0 WF, A X A
C4F s/ C4Fs/ CH,F,/ O,/ Ar 0 0 0 Kr A X A
C4Fe/CaFg/CH,F o/ Ar 0 0 0 Xe A X A
C4Fe/CyFg/CHF3/Ar 0 0 0 CBr,F, A X A
C4Fe/C4Fg/CH3F/Ar 0 0 0 NF3/0,/Ar 0 0 0
C4Fo/C4F/CFg/Ar 0 0 0 HBr/Cl, 0 A 0
CHF5/Ar A X A C4Fg/CHF5/Kr 0 0 0
C,HFs/Ar 0 0 0 C4Fg/CH,F,/0,/Xe 0 0 0
CH,F,/Ar 0 0 0 C4Fa/ CH,F,/ O,/ Ar(Kr) 0 0 X
SiH,/Ar 0 0 0 SiH,/H,/Ar 0 0 X
SiH,/NHs/Ar 0 0 0 Etc A A A

20
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ML-aided Modeling

mmm» Sensor-bulk-surface coupling model

Surface model R ,

N2, 20 mTorr, 800W

|

|

1 35 -
|

! 30 = 0.5 min (Exp.) 4
: 1 min (Exp.) ]
I T 25 = 3 min (Exp.) 4
| = w5 min (Exp.)

| 2 20 —— 10 min (Exp.) i
1 © —@— 0.5 min (Modeling)

I = ~— 1 min (Modeling)

' b ~o— 3 min (Modeling)| |
| 2 : —a— 5 min (Modeling)

: 108 —o— 10 min (Modeling)| |
: ]
1

1

1

|

| 4, \ Bridge between meter and nano scales
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ML-aided Modeling

mm=» (CHEM-global (chemical reaction analyzer using a global model)

© Quasi-neutrality
Assuming the quasi-neutrality, the continuity equation is solved using the electron density and temperature.

@ N, 80 SCCM, 15 mTorr, 500 W

. species Self-consistent CHEM-global
l N, chemistry DB
N 1.5166x10"3 ¢cm™ 1.5164x10"3 ¢cm™
m Sensor solver & * Ny*, N*, Ny, N, N,*, N(2D), N(2P)
"/ density, flux, * Error: (1% * 12 3 12 3
U s T N, 7.3827x10'2 cm 7.3815x10'2 cm
N, 4.6440x10'* cm™ 4.6432x10' cm™
'''''''''''''''''''''''''''''''''' N(2P) 6.9623x10!! cm3 6.9603x10!! cm3
Process conditions Output i
! (*.ini) ot oy ; N(2D) 1.3143x10'2 ¢cm™ 1.3141x10'2 ¢cm™
; * Operation conditions ¢ ;'felﬁcly thkc)é?ﬁon lon andradical
Ll oneTe N e e it i N,* 6.0594x10'° cm 6.0595x10'% cm
B ) e . 2
| B nput parameters 2.4852x10° cm 2.4850x10° cm
for CHEM-global --=______{ S222C7 90 S8 el
|
‘ I L e 6.3080x10" cm |
J Plasma database
: * _Setrate 1 I
3 : e + Rate coefficient I Te 29531 CV :
B2 | o Rphe EEEECSErCEEs
5 Calculation time 161 sec 0.001 sec
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ML-aided Modeling

= (CHEM-global

© O, plasma © H,O/Ar plasma
7 species and 25 reactions 26 species and 153 reactions
O, 80 SCCM, 10 mTorr, 500 W - 0.5% mean error H,O 1 SCCM, Ar 30 SCCM, 50 mTorr, 1500 W - 0.8% mean error
T T T T T T T T T T T rrrrrrrrrrTrTrTrrrrT Tttt
I self-consistent 101
10™ I CHEM-global
1014
10" 10" |
o o101 :
£ 1012 Ei N
2 210
% 1011 2 1010 :
© 3 :
100 109;
10°
9 H
10 o |
108 - : : : : 10° '
x x , N 0O DV L RX L A OR A W D aX A X aX aX X aX X Xy NN
© & Sl o ¥ © O EERY TR FE T TOLEL O FIX G X O X

species

species
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ML-aided Modeling

mmm» Bulk-surface coupling model

CHEM-global

surface model I

adsorption N
ry r. Implant
/] N
A N — 2+ Diffusion

SiON {?}
4

Si Substrate

Pseudo-Deal-Grove Model

Flux, potential
at the substrate

si O +

© e

N H . .
o st Si—N —H @ o Transient Material Balance
Si—N—S8i Si—li—o_si Sx—l;{—O_.Si
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ML-aided Modeling

mmm» Bulk-surface coupling model

Source Power : 50/

Ci2 0 10 20 30 40

HBr 40 30 20 10 0

CF2_TetalNeutralFlux Efchiate
W aes Barls Boeld feeld SeelEfmils DER 0D D 00 300 324
i i . n i !
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mm» Global model + Machine learning

oper.ajuon 5| governing

conditions equations
plasma ML

parameters prediction

ML-aided Modeling

global model

plasma
parameters

predictions

operation
conditions

Training plasma parameters on operations — prediction
of plasma parameters

Accuracy is not always proportional to the number of
hidden layers

Prediction / Re-calculation Error (%)

Pressure Power

Condition / Density

27



ML-aided Modeling

mm» Global model + Machine learning « Inversely, training operation conditions on plasma

parameters
* Prediction of operation conditions for a target plasma

predictions
5 1 ! ! i 4 layer o
I 1 —_ : 8 layer =
=
i I ML operation L5 e | =
asma :
| P —> - e OPerd - :
.| parameters prediction conditions | |
e T l _______ , & 3 RN R BN A B
= 1
L 1
o 1
. s AR =0 BE B BB
plasma ¢ governing | oper.ajuon = !
parameters equations conditions = :
:'r ME BN BE BER BER
o 1
I
I
I
I

0
gIObal model Pressure  Power N N+ N2+

Condition / Density
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ML-aided Modeling

mm» Global model + Machine learning

© Global model — training — prediction © ML prediction — global model
* Prediction errors o« data set variation * Predicted values — set to be initial values
« Sensitive species on input conditions — error T * Improved computational efficiency
0.8 T —— T T T T T
data set variation: +/-10%  + = 501
data set variation: +/-20% = -
0.7 | data set variation: +/-50% = . 45 -
H J
;‘é“ 0.6 f ? 4 /a 40 _-
> o 35
2 o5 | m CR8+ crs SR 2, 35 .
= oF he o 30-
2 e 1
- = 25-
: S 20
i1 = ]
= L 151
S 4.
I
CF4/Ar o 5]
G 1 1 1 1 1 1 1 -4
0 10 20 30 40 50 60 70 80 0 -
std of density / avg of density (%) origin init
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ML-aided Modeling

DATA Al/ML Simyl.
mms» Neural network for ICP sources e/ ’ @é * Q

- Z-score normalization for input data Conditions :

- Log normalization for output data - Ar/O, total 250 sccm

- Train type : Bayesian regulation (Trainbr) - O, flow rate = 0.3, 0.4, 0.5, 0.6, 0.7 scccm
- Train network : feedforward net - Power = 100, 120, 140, 160, 180 W

- Activate function type : rectified linear unit (ReLU) - Pressure = 10, 20, 30, 40, 50 mTorr

- Hidden layer : nl'l = 20, n[2 = 20, ni81 = 20

simulation prediction simulation prediction

oo 0 on 0 0 i n R e

—— Original | — Original

DNN model optimization
@ out of training range

L i . 10® © DNN
§_ 101% o DNN T
- F = 1o
T 10 )
PO 8 10®
5 101 3 §
8 g ] g 0%
©  105f UT1.0, 0.2 sccm, 60 mTorr, 200 W ¢ ” on UT2. O, 0.8 sccm, 60 mTorr, 200 W
0 10 20 30 0 5 10 20 25

: 15
Radius [em] Radius [cm]

Choe et al., ASCT (to be published) 30



ML-aided Modeling

DATA Al/ML Simuyl.
mmm» Physics-informed neural networks (PINNs) ***

» Intersection of the traditional physics model and the purely data-driven neural network approach.
» Physical parameters are can be obtained without solving governing equations directly.
» DB (required), discretization (partially unnecessary) — lower barriers to entry into simulations

Differential Equations
Neural Net(X; 6) §TTIIETTTTIoomoiomimi LSS .

————————————————————————

s

Physics

© -5

DB & conditions

Boundary Conditions -

- - —

1
1
1
I
I
1
1
1
1
I
1
1
I
I
1

/

——————————————————————————————————————————————————————————

Automatic differentiation PINN

M. Raissi et al, J. Comput. Phys. 378, 686 (2019), Lu Lu et al, arXiv:1907.045202, https://towardsdatascience.com/, https://en.wikipedia.org 31




ML-aided Modeling

mm» Physics-informed neural networks (PINNs)

DATA Al/ML Simyl. Q
- )+ + +
= g

- Forward problem, Normalization

- Naive PINNs — Learn only some variable — SALB (self adaptive loss balance) loss function

Cla(v=0) Ch(v=1) Chiv=2) Cly(v=23) Ccl
320007 600| "** SALB PINN prediction 1oo| 7+ SALBPINN prediction - SALB PINN prediction
— ref — ref 251 — ref 4000
31500
31000 Rl
30500 2060
30000
1000
295001 ... SALB PINN prediction - SALB PINN prediction
— ref | o — ref
29000
10° 10? 10° 10° 10? 104 10° 10? 10% 10° 10? 104
cli crt e Te
12 1.0 + SALB PINN prediction + SALB PINN prediction 3.0
— ref 11 — ref 55
10 0.8 1.0 !
2.8
8 0.6 0.9
o 2.7
6
0.4 0.7 2.6
4 2.5
0.2 0.6 ;
= SALB PINN prediction ==« SALB PINN prediction = SALB PINN prediction
2 2
— ref 0 ___.,.-'/— ref %2 24 — ref
10° 102 10° 10° 10? 10% 10° 10? 10* 10° 10? 10

E. G. Thorsteinsson and J. T. Gudmundsson, Plasma Sources Sci.

Technol. 19, 015001 (2010), Z. Xiang et al, Neurocomputing 496, 11 (2022)




ML-aided Modeling

mm» Physics-informed neural networks (PINNs)

- Inverse problem to find rate coefficients

Results of k's values over iterations

Reaction

Rate coefficient (m*s™! orm®s™")

k20 k21 k22
(R1) e+Clh(v=0) - Cl+Cl+e 6.67 x 10~ 4T 010-857/T. I i rel [ =
(R2) e+Ch(v=0)—>Cl;+e+e 4.8 ¢ 1071900 1217/Te e ] 103 fl [ :
(R3) e+CL(v=0)— Cl+Cl*+2  1.79 x 10~ 13¢~288/Tc e real | AV 07 |
(R4) e+Ch(v=0) - CI*"+Cl*+3e  1.46 x 100> 16¢ 2142/ ' 1019 1
(R5) e+Ch(v=0) - Cl+Cl” (22,57 945g—25 0 — 19 1609/ %e Li654) % 10715 I | (1
(R6) e+Ch(v=1) — Cl+CI~ (9.29T;047e-283/Te _ 4,96¢70%/Te 1+ 2.70) x 10715 1075 1 I 107 1
(R7)  e+Cl(v=2) - Cl+CI” (20.1T;047e283/Te _ 10.8e097/Te 4 5.92) x 10715 I 107 o
(R8) Sauim =y = il (30'5Te_0'46e_2'82m =163 3 BB Lyop 107 : 250 500 750 1000 : 250 500 750 1000 i: 250 500 750 1000
(R9) e+Ch(v=0)—>CI"+Cl +e  3.45 x 107'°T e~ 1070/Te iterations(x1000) iterations(x1000) iterations(x1000)
(R10) e+Clv=0)— Ch(v=1)+e 4.35 x 10716 148 -076/Tc
(R11) e+Clhv=0) - Ch(v=2)+e 8.10 x 10717, 148 068/Tc : ;
R12) o+Chiv=0) > Chum ) 4e 239 x 10~ 19e-08 ERSTRRUAS st Ve i o . )
RI3) e+Ch(v=1) - Chv=2)+e 1.04x 10-15T148¢-073T — i — s B
ER14; e+ c1§§v = 1; - c1§§u = 3; +e 298 x 10-'6T:-1-48e-°-67m ol | o8 20 .
(R15) e+Ch(v=2) > Ch(v=3)+e 1.04 x 1075T,48e-073/Te s ~ 14 .
(R16) e+Cl—Cl'+e+e 2.48 x 107MT262-1276/Te -=r— i %, " )
(R17) e+Cl” - Cl+e+e 2.33 x 10715T ) 43¢=248/Te I Nt —
(R18) e+Cl™ — CI* +3e 3.38 x 10~ 15T075¢~25.28/Te ol ) t ¢ t
(R19) e+Cli - Cl+Cl G005 1M e it et A s &
20y ChECr = cls &l 5.00 x 107 (300/7,)°% 10 o " 1o
(R21) CI*+Cl- — Cl+Cl 5.00 x 107 (300/ T,)°% o o
(R22) CL+Cl' - CL +Cl 5.40 x 10716 y i
(R23) 2Cl1+Cl; - Cly(v =0) +Cl, 3.50 x 10~%5¢810/7 s —— L | [ ) it | L e NE
(R24) 2Cl1+Cl — Ch(v=0)+Cl 8.75 x 10681/ e e miiiet il e e e e e %“;
=
Frgansl

E. G. Thorsteinsson and J. T. Gudmundsson, Plasma Sources Sci. Technol. 19, 015001 (2010)
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ML-aided Modeling

DATA Al/ML Simuyl.
mmm» Physics-informed neural networks (PINNs) ***

- Normalization, SALB + PINNs
- 1D DC discharge problem

1e16 n; 1lel5 Ne %4
1.751 0]
1.50
-200
1.251
1.001 400y
0.75 1 -600
0.50 1
-800 |
0.251 = PINN
0.001 | ~10001 —— exact
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020 0.000 0.005 0010 0.015 0.020
1e20 i 1e20 e
0.0 1ol
—0.21 0.8
= 0.6
5 0.4
_08 A
- PINN 0.2 -~ PINN
= L —— exact — exact
1IO T T T T T T T T T 0.0 ) T T Y T T Y T T ¥
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200 0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200

H. J. Kim et al, J. Krean Phys. Soc. 51, 633 (2007) 34
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Summary & Future works

This talk introduces our group’s simulator and database development status and the results of

applying machine learning technology to plasma source monitoring and simulations
Get helps from NNs when prediction and optimization are needed
* Fill in the blank with NNs

Neural net (regression) i"""""__"""""__"""""""""""""""""""""7

hybrid
—>
;
1
1
1
1
1
|
|
2 ; | :
& ° raw & [
g 21 - fitting y=3 '
9 i=0
C 18 |
g MR e e
= ‘
_% 15 . ne, Te measurement
b 12} optimization
2 3
S 9F
°
1
1

10 [ . .
energy (eV) ; plasma source simulation
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Supplementary

mmm» Kinetic, Hybrid, and Fluid models

Numerical
Algorithm

Physical
Model

reactor scale (cm)

Plasma
Database

107 107 10" 10° 10’ 10° 10°
pressure (Torr)

V. I. Kolobov, Comput. Material Sci. 28, 302 (2003) 38



Supplementary

mm=» (CHEM-global (chemical reaction analyzer using a global model)

© Quasi-neutrality
In some cases, the quasi-neutrality condition was not satisfied = after solving the continuity equation, densities are normalized

s N
2.2x10"" 22x10" 5 normalization
2.0x10" 4 » h 20xt0"d T T T T mmmmmmomomm oo )
1.8x10" ] 1.8010" - - Zni :an +n,
8107 stable and accurate . unstable and inaccurate : y
1.6x10"" 1.6x10""
: 1 4 .
= "] —~  1.4x10" - = —=Ar (e only) — Zni an =n,
% 10T e ] - — -Ar+ (Te only) ; ;
) 12 10”_' Ar* (self-consistent) S 1.2x10'"" 4
%‘ X Ar+ (self-consistent) %‘ 1
1 * "
§ 1.0x10"" 4 == -2:){((2\2%‘;2) é 1.0x10 . ) ) )
8.0x10‘°: —-—- Ar* (ne only) 8-°X1°'°'_ Step l.n= Zni — z n,
- ] —-—- Ar* (ne only) 6.0x10" - i i
.Ox - 4
1 4.0x10" n,
4.0x10" 4 - ’ l S Step 2.k = —
— T T T — — — — — 2.0x10"° T T ._—-———._-._—.__.__-,-_.__._—.- : , n
0 10000 20000 30000 40000 50000 60000 70000 0 50000 100000 150000 200000 250000 300000 Step 3. 1. = kn
iteration (#) iteration (#) p A i
& J
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Supplementary

mmm» Sensor-bulk-surface coupling model

-
*’ VI Probe 35
V —a— 15 sec
30-
| CHEM-global | ]
=
-2 20
\ s m T s
| cHEM-global | \ sioi o> b 1 s 151
\ Si CHEM-global 510_
l n;, Ny, average flux i/ - I < 54
/ RF : 400~800 W P
| N% calculation | NiGas+ 10 =30 miom Surf. dul s 2 4 6 8 10
ace m
Pump I = £ MSCHie Depth (nm)
end * otime : gperation time

6.31e 2.96

533671e+13 N2 76060e+11 N( 330500e+12
i1l -n 6.31el@ -t 2.96 —s 600. -d 20. -v 2.0 -¢c 600. =T 5.e16 -x 1

N2+:6.065187e+10 N+:2,448126e+09 N:1.533671e+13 N2*:7.423527e+12 N2:4.641126e+14 N(2P):7.07606@0e+11 N(2D):1.330500e+12
3.805098e+16

2.000000e+00
4,000000e+00
6.000000e+00
.000000e+00
.000000e+01
.200000e+01
.400000e+01
1.600000e+01
1.800000e+01
2.000000e+01

4.529994e+01
6.137989%e+00
1.510557e-01
9.260711e-04
1.406361e-06
5.106815e-10
4.336434e-14
8.488942e-19
3.794496e-24
3.847017e-30
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Supplementary

s [K-PLASMA unit test 1

COMSOL CAP 31 standing wave | vortex extric field E, =~ 22

real(E_ind) (Vim) real(E_ind) (Vim) i a t
m an '

= 1 :

; 5 = oA *( oA 0 0

‘ ‘ g S vl e R i S N B R

’ : 8 \ | ( at] ”‘”’aﬁ( 8t) at{”(’[ ol M}
. ! g |

3 i g 0 :

; ; 5 / <

o 0 = :

. ; ; |

¥ 672x10" m——10" A0
6 4 2 o

6.366¢-005 -4.774€-005 -3.183e-005 -1.591e-005 0.000€+000 Gauss'an fUI"\CtIOI"\

s -2 m

0.000e+000 1.647e-003 3.204e-003 4.941e-003 6.589¢-003

p
Vs

imag(E_ind) (Vim) imag(E_ind) (V/m)
! “ wave source
1
7 7 :
'
8| 6 H
I
5 5 H .
'
4 a H
'
3] 3 E
2| 2 i
'
: ; :
I
9 o | T
|
A a |
'
z a H d
1
2 |
'
1
I
I
'
'
1
I
I
'
'
1
I
'
'
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Supplementary

s [K-PLASMA unit test 2

%1015 4x10'5 - ot/2r=0.5
this work
o reference
3x105 - 3x10"8 4 " T " T ' T " T
. this work
< 2x10"0 4 £ 2x10"+ ™ o reference
(&) L
1%10"5 1%10"5 1 o 3
o
J D w
0 . . . . . 0 . . . — 3 N—"
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 >
XL x/L B 2r
A%1075- ot/2r = 0.625 A%1075- ot/2r = 0.75 S
©
3x10'5 fwjmq%\ 3x10'° jﬁmm%\ S .
[ ‘| L
D
O
<’ 2x10™0 4 <’ 2x10™0 4 o
()

i ! | |
- i EH&M - J; S % 02 04  o0s o8 10

0.0

2 04 06 08 10 00 02 04 06 08 10 normalized |ength
x/L x/L
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Supplementary

= K-PLASMA - algorithm

on,
Ot

o3
—|=nk,T |+V- =P —-eE- T +F
8t(2 eBe) Qe ind e e

+V-T,=R,

_ qne ne T:e
r,=- E- VT, -
meVeN meVeN m eVeN

=—unE—-nVD,—DVn,
-, =-unE-nVD, —nDVN,

Vn

e

=n, N tv. [-unE—nVD,—nDVN,]|=R,

ot

COMSOL Multiphysics Plasma module user’s guide 5.2a

Ne=lnne ane —&alzn a(lnne) =n aN
3 ot n, ot ° Ot © ot
n.e:_nekBT;
2 Q(Enk Tj—ang o, o), O
E,=lnn, a\2 ") o wn oo ° ot ‘ot
Q _érkT—énekBT;V(k T)
e 2 e "BTe 2 meVeN B7e

—Q,=—uEn,—DnVE —nVD,

E
N +V-[-unE—n,DVE, —nVD =P, —eE-T, +E,

“ ot
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Supplementary

= K-PLASMA - algorithm

- N N w w
(6] o (@) ] o (&)}
T T T

ion density (108 cm®)
o)

o 50 A
100 -
——200 -

oo O

—
o

electron temperature (eV)

N
N

RN
o

0.5

1.0
X (cm)

1.5
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Supplementary

= K-PLASMA - algorithm

Tt Iy t{ i rrrro el r Tt 1.980
1.2 )\ - 1.584
: \
1ok Central difference Hybrid i i Ad
" - 0.7920
0.8k i 0.3960
& 0.000
I xact .
06 (also power law) i
Exact -0.7920
¢p 04 {also power law) - -
Upwind -1.584
0.2F - A
— — -1.980
0.0 )
Hybrid ™\ _central difference
—o0.2} | \
L2 o 0 b 3 3 3 ¢ L 3o A 1 o1 1
—10 —5 0 5 10
P

S. V. Patankar, Numerical heat transfer and fluid flow 45



Supplementary

= K-PLASMA - algorithm

or, , 1
V(M) =%E—ZV(nik37;)—viNFi
en, 1
r=——-Eg_, - V(nk,T,
l Vinm; 7 Vv, (nl ? l)
assuming o)1 V(n.k T.) ~ 0, v, =const
at Vl.Nmi i"VBTi > ViIN

4 OE 4 JoE
Of _em E, = ‘ n— +Eeﬁ% =< n— +Eeﬁ"(Ri_V'ri)
ot\ v,ym, Viu, ot ot Vi, ot

L

en, OE, en, 1 en, 1 e
Tl (T, )+ —LE——V(nk,T)-v, . V(nk,T) |- E_ (R -V-T,
Vim, Ot ( :“,)"' m; m; (nl ’ l) VIN|:ViNmi 7 Vin™,; (”, g l)i| Vinm; eﬁr( l l)
en. 1 en. 1 e
= —V-(Fiui)+?i’E —Ev(nikBZ;)—;i’Eeff +;iv(nikBTi)— - E,(R-V-T,)
Py _ _Va™ G () +vpE-vyE, ~ L E, (R -V-T,)
at eni i iN iNeff ni eff i i
oE, Vo, 1
atﬂ:viN(E—Eeﬁ)——;Vn' V-(Fiui)—;Eeﬁ(Ri—V-l“i)

i i

Y. Lee et al, Curr. Appl. Phys. 42, 31 (2022)

lon number density (10° cm™®) 3

(¢]
S—

Effective electric field (V/cm)

75 mTorr - 250 V

—Case 1

z (ecm)

Case 1; full momentum equation

Case 2; full effective electric field

Case 3; Ignoring the third term on RHS

Case 4; Ignoring the second and third terms on RHS
Case 5; without the effective electric field
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Supplementary

mmme Equivalent circuit of dielectric wall ICP sources =
(CS”Q(V ~V,)+1 +C”£(V ~V,)+1,=0
< w ot p c w s ot p s s I/;
|
al/S:—(Ii—le'F[d): ! IS+ ! Cshg(Vp—V;) 1 ~sh
o C, il c, "’ C, o r,(D) —C
I=1-1 Id:thg(Vp—Vs)
o
( sh a sh a I Vp
o E(Vp ~V.)+1,+C: E(Vp ~V,)+1,=0
sh
Tev, 1 ' o 1D e
L=+ —=——(V,-V,)
o Cy C, Ot
where C,,, = m, A, is the surface area of the dielectric wall, dielectric

s
¢, and d , are the dielectric constant and thickness of the dielectric material.
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Supplementary

mmm» Equivalent circuit of dielectric wall ICP sources

( sh sh vsh sh sh
ov, _ C,C,+CJC v, Cy +C {I oy —C—SI}
sh sh 1sh sh sh sh ~sh sh w N sh —S
ot C Ceﬁ, +C,'C" +C, Ceﬁ oo C, Ceﬁ +C.'C" +C, Ceff g T C,
<
sh sh sh 1sh sh sh
v __ 1 .G clc, +clct oy C, +C: {] oo }
- sh =S8 sh sh sh sh sh - sh sh 1sh sh w s K/
\ ot Ceﬁ +C, Ceﬁ +C" | C) Ceﬁ, +CC"+C, Ceﬁ, oo C) Ceﬁ +CC+CC o Ceﬁ +C,
I ' ' - —Vp | ' ' ' — 50V dy(of O
120 v v LT () )+ C(2)6 ()
100l / —— 150V dx\ Oy Oy
— “ _ 2
280/\—/\—/- - where 7 = e¢’x:£,y:miu La(v)- L
S s ksT; L 2k, T, /1(37)
c »
g o 8
o T ol Riemann obtained the IEDs at the
40} -
k chamber wall by solving the
00—~ Boltzmann equation
L 1 L 0 L p— J:— J q
0.0 0.5 1.0 15 2.0 16 18 20 22
cycle ion energy (eV)

K.-U. Riemann, Phys. Fluids 24, 2163 (1981) 48



Supplementary

mmm» Equivalent circuit for rf-biased sheath

RF power
13.56 MHz

N: 51,0 (100 nmy? N: 32.5/(100 nm)®
D: 4.7 nm,

o 4:0 nm D: 3.6 nm, o: 0.9 nm

Inductively coupled
plasma source

,(H —Cr
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g
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D. Choi et al., Nanoscale 13, 10356 (2021) 49



Supplementary

mmm» Database development

10"

1 014 T T T T T T T T T T T T T
Il Experiment
10 3 compressed 10" + [ simulation (origin)
2 [ Simulation (optimized)
10" + s> 10774 [l Simulation (compressed)
o £
é 10" 4 3 1011 3
< 2
= = 10
= » 4
§ 10" 3 5 10
o O 10%4
10" 4
108 -
1010 -
107 -
100 4 H H2 Si SiH SiH2 SiH3 SiH4 H2+ Si+ SiH+ SiH2+ SiH3+ E
Ar A*  F  F2 N N2 N2F2 N2F4 NF NF2 NF3 Ar+ F+ F2+ N+ N2+ NF+ NF2+ NF3+ F- E Species
Species P
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8 "1 510t
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107 o E
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10° H
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Supplementary

mmm» Database development (CF,/O, mixture)

10 mTorr & 500 W

B cFa + 02 (2:1)
ou ] ]cravo2@y

[ Jcra+02(1:2)
- 02 only

lon densities (cm?3)

Species (amu)
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Supplementary

mmm» Database development (CF,/O, mixture)

Tetrafluoromethane

Mass Spectrum (electron ionization)

120 i
CF,
69
100
80
2
wy
c
3
= 60
v
=
©
o 40
o
+
- cp CF,
= 0 | | CF
19 3 .
I 35 |SOtOpe i 70 8
0 I L
15 20 25 30 35 40 45 50 55 60 65 70 g 80 85 90
m/z

https://webbook.nist.gov/cgi/inchi?ID=C75730&Mask=200#Mass-Spec 52



Supplementary

mm 2D simulations at 20 mTorr
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