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What is TCAD?

o Simulation tools used to model semiconductor fabrication and operation
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Why TCAD?
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° ITRS estimated technology development cost and
time reduction from the use of TCAD of about 30%
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o Measurements: This is what happens
e TCAD: This is why it happens

o Can visualize and evaluate information which is
difficult or impossible to measure




TCAD-Supported Design-Technology Co-Optimization (DTCO)
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TCAD-Supported Design-Technology Co-Optimization (DTCO)

o First 2D MOSFET simulator from the Institute for Microelectronics in 1980

1540 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-27, NO. 8, AUGUST 1980 ! !
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Abstract—We describe a user-oriented software tool-MINIMOS—for
the two-dimensional numerical simulation of planar MOS transistors.
The fundamental semiconductor equations are solved with sophisticated

programming techniques to allow very low computer costs. The pro- : : , _
: : 3 R T T T I FT I T T YIT
gram is able to calculate the doping profiles from the technological pa- A A A T T R

H BULK G

rameters specified by the user. A new mobility model has been imple-
mented which takes into account the dependence on the impurity
concentration, electric field, temperature, and especially the dJistance ONE - MICRON ANALYSIS (DEVICE 1)

to the Si-Si0, interface. The power of the program is shown by cal- DEVICE CHANNEL=N GATE=AL TOX=500.E-8 W=10.E-4 L=1.E~-4
culating the two-dimensional internal behavior of three MOST's with BIAS UD=2 UG=0

I-um gate length differing in respect to the ion-implantation steps. In ' -
this way, the threshold voltage shift by a shallow implantation and the PROFILE NB=1.E15 ELEM=PH DOSE=1.E15 AKEV=40 T0X=500.E-8
suppression of punchthrough by a deep implantation are demonstrated. -

By calculating the output characteristics without and with mobility re- + TEMP=1000 T;FIEFBUD
duction, the essential influence of this effect is shown. From the sub- END

threshold characteristics, the suppression of short-channel effects by ion

implantation becomes apparent. The MINIMOS program is available

for everyone for just the handling costs.
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TCAD-Supported Design-Technology Co-Optimization (DTCO)
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Field Effect Transistor Scaling

o Qver the last 2 decades the planar MOSFET has undergone significant redesigns

130nm 90Nnm 65nm 45nm 32nm 22nm 14nm 10nm
2002 2004 2006 2008 2010 2012 2014 2016
-
A-m H'
Strain engineering Highk & Metal gate FINFET >
Novel
materials
/nm snm
2018 2020
FET PFET Novel_
ssi geometries
Planar FET FinFET More
Gate-All-Around? complex
processes

FINFET

L. Filipovic, T. Grasser (Bdihiaturized TransistordSBN: 978-03921010-7 (2019)



Multi-Scale Process Modeling

Approximate time and length scales covered by different approaches
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Simulation Framework

ViennaPS E

@ python’

+ Level Set + Cell Set + Ray tracer
ViennakS | ViennaCs ViennaRay
LS storage Visualization CPU GPU
ViennaHRLE ‘ VTK | ‘ Embree | OptiX

https://viennatools.qgithub.io/ViennaPS/



https://viennatools.github.io/ViennaPS/

Simulation Framework
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Simulation Framework

o Narrow- or sparse-field level set is stored (not full domain)
X.Klemenschits, PhD, TU Wien (2022) i Section 2.3.2
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https://doi.org/10.34726/hss.2022.89324
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Simulation Framework

Top-Down Flux Calculation
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Process TCAD 1T Physical Modeling at Feature Scale

Deposition
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

o Semi-empirical oxide PECVD from TEOS model for implemented in ViennaPS
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

o Semi-empirical oxide PECVD from TEOS model for implemented in ViennaPS
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

o Semi-empirical oxide PECVD from TEOS model for implemented in ViennaPS

/
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https://viennatools.qgithub.io/ViennaPS/models/prebuilt/ TEOSPECVD.html

S.S. Singh et al., Physics of Semiconductor Device#tl Workshop (2013)

Deposition rate calculation
based on fluxes

Rate Calculation



https://viennatools.github.io/ViennaPS/models/prebuilt/TEOSPECVD.html

Plasma-Enhanced Chemical Vapor Deposition (PECVD)

o Semi-empirical oxide PECVD from TEOS model for implemented in ViennaPS
s (
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

o Semi-empirical oxide PECVD from TEOS model for implemented in ViennaPS
https://viennatools.qgithub.io/ViennaPS/models/prebuilt/ TEOSPECVD.html

Parameter

pRadicalSticking

pRadicalRate

pIonRate

pLonExponent

pIonSticking

pRadicalOrder

pIonOrder

pIonMinAngle

Description
Sticking probability of the TEOS precursor radicals
Rate of the TEOS precursor radicals
Rate of the ions
Exponent power cosine source distribution of the ions
Sticking probability of the ions
Reaction order of the TEOS precursor radicals
Reaction order of the ions

Minimum specular reflection angle of the ions

Default Value

1.0

1.0

1.0

1.0

1.0

1.0

1.0

0.0

J

N

Flatwafer rate
(analogous to source flux)

- X.KlemenschitdPhD, TU

Wien (2022) section 3.2.2

Treat potential noHinearity
of the surface reactions
https://www.iue.tuwien.ac.at

/phd/ertl/node23.html |



https://viennatools.github.io/ViennaPS/models/prebuilt/TEOSPECVD.html
https://www.iue.tuwien.ac.at/phd/ertl/node23.html
https://www.iue.tuwien.ac.at/phd/ertl/node23.html
https://doi.org/10.34726/hss.2022.89324
https://doi.org/10.34726/hss.2022.89324
https://doi.org/10.34726/hss.2022.89324

PECVD Parameter Search

o Use a global optimizer to find the neutral radical and ion parameters
e The parameters should ensure the deposition follows the measured profile below

Deposited oxide \
after TEOS PECVD

Initial topography ? , g ?




PECVD Parameter Search

o Use a global optimizer to find the neutral radical and ion parameters
e The parameters should ensure the deposition follows the measured profile below
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after TEOS PECVD 80 nm
Initial topography ? , g ?
122 nin |
!
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used for the optimization

Y.



PECVD Parameter Search

o Use a global optimizer to find the neutral radical and ion parameters
http://blog.dlib.net/2017/12/a-global-optimization-algorithm-worth.html
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http://blog.dlib.net/2017/12/a-global-optimization-algorithm-worth.html

PECVD Parameter Search

o Test the optimized parameters on a different structure

o Currently enhancing the set of geometric descriptors for better optimization

.



Outline

e Technology Computer-Aided Design (TCAD)
° ViennaPS Framework

o Process Simulation

o Chemical Vapor Deposition

e Plasma Etching

e Link to Equipment Settings




(Physical) Plasma Etching Model

o Physical SF;/O, plasma etching model implemented in ViennaPS
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(Physical) Plasma Etching Model

o Physical SF;/O, plasma etching model implemented in ViennaPS

-
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(Physical) Plasma Etching Model

o Physical SF;/O, plasma etching model implemented in ViennaPS

Molecular/lon transport Flux Molecular/lon collisions
In the plasma chamber > with the surface
Gas Phase Flow lon E Ray Tracing

lon flux  Fluorine coverage Surface

Sputtering yield%\ Coverages
E 1 (k‘TSz‘QP ) 1 v

g YL+ Yelibr Rates Chemical/physical reactions
molecules/ions on the surfac

Psi

d0r <
0si—- = TPLF(1 = 0 —60) — kosif — 2V Ti0F Monte Carlo
dbo R.J. Belen et al., J. Vac. Sci. Technol. A 23¢1438 (2005

Os; = vol'o(1 =0 —0p) — Bosibo — YoI'i60



(Physical) Plasma Etching Model

o Physical SF;/O, plasma etching model implemented in ViennaPS

e .
Molecular/lon transport Flux Molecular/lon collisions
In the plasma chamber > with the surface
Gas Phase Flow lon E Ray Tracing
Angle- and energy-dependent ionflux Surface
r(@) =N (VE - [VEul) £(6) Coverages
\ 4
p
lon energyrandomlydistributed Rates Chemlcallphysmal reactions
with a Gaussiamistribution < molecules/ions on the surfac
Thresholdenergy
for etching . 10 MOnte Carlo

S
5 0.8
[ =4

Yield function depending £

on incident angle .

0.0 1

Incident angle [°]

X.Klemenschit?hD, TU Wien (202€)Section 3.2.4
https://viennatools.qithub.io/ViennaPS/modeIs/prebuiIt/SF602Etchinq.hta


https://doi.org/10.34726/hss.2022.89324
https://viennatools.github.io/ViennaPS/models/prebuilt/SF6O2Etching.html

(Physical) Plasma Etching Model

o Physical SF;/O, plasma etching model implemented in ViennaPS

s (

Molecular/lon transport Flux Molecular/lon collisions

In the plasma chamber > with the surface
lon E

Gas Phase Flow Ray Tracing
Surface
New surface Coverages
v
Resulting velocity and Rates Chemical/physical reactions
change in topography molecules/ions on the surfac

Level Set Equation Monte Carlo




(Physical) Plasma Etching Model

° SF4/O, etching model implementation in ViennaPS
https://viennatools.qgithub.io/ViennaPS/models/prebuilt/SF60O2Etching.html

Parameter Description Type
~N . . . .
, | Cosine distribution from
ionFlux lon flux for the SF¢O, etching process. double
the source plane
etchantFlux Etchant flux for the SFgO, etching process. double > (even dIStI’IbUt.IOn)
X.KlemenschitsPhD, TU
oxygenFlux Oxygen flux for the SF¢O; etching process. double J Wien (2022) section 3.2.2
\
meankEnergy Mean energy of ions (EV}. NumericType Assuming Gaussian
sigmaEnergy Energy distribution standard deviation (eV). NumericType energy distribution
/
_ _ _ - _ Y\ Power cosine distribution
(Optional) Exponent in the power cosine source distribution of ions for
ionExponent o . . . NumericType > frOm the source plane
initial directions. Default is set to 100. .
J (more vertical due to feld)

X.Klemenschits2hD, TU
Wien (2022) section 3.2.2

oxysputteryield (Optional) Oxygen sputtering yield. Default is set to 2. NumericType

etchstopDepth (Optional) Depth at which etching should stop. Default is negative infinity. NumericType

Belen et al.,J.Vac.Sci.Technol& (2005) / R.A5ottschoet al.J.Vac.Sci.TechnollB (1992)A


https://viennatools.github.io/ViennaPS/models/prebuilt/SF6O2Etching.html
https://doi.org/10.34726/hss.2022.89324
https://doi.org/10.34726/hss.2022.89324
https://doi.org/10.34726/hss.2022.89324
https://doi.org/10.34726/hss.2022.89324
https://doi.org/10.34726/hss.2022.89324

(Physical) Plasma Etching Model

° SF,/O, etching model implementation in ViennaPS

Yo, =0 044 05 056 062
(a) (b) (c) (d) (e)

O, to Sk ratio

Calibrated model

P=10 mTorr 25mTorr 40 mTorr
(a) (b) (c)

} 1.67um 1|

1.67 um
Pressure A




(Physical) Plasma Etching Model

Example: Formation of a Si channel for GAA transistors

Hard Mask

(a) epitaxy of Si/SiGe §(b) anisotropic etching

stacks and hard . of Si/SiGe stack and
mask growth ; Si substrate

(c) lateral etching of

SiGe layers

SiN

r\\\“ml

(d) inner spacer
material SiN filling

(e) etch back of
SiN film

Y.



(Physical) Plasma Etching Model

Selective SiGe etching in a CF,/O, plasma
° Recipe:
Pressure 10-40mTorr
RF plasma powe 600 W
CFE flow: 100sccm
O, flow: 20sccm
He flow: 8 sccm
Temperature:c 1 '/

H. Shao et alACS Appl. Electron. Mat@n submission)



(Physical) Plasma Etching Model

Selective SiGe etching in a CF,/O, plasma
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H. Shao et alACS Appl. Electron. Mat@n submission)



(Physical) Plasma Etching Model

Selective SiGe etching in a CF,/O, plasma
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H. Shao et alACS Appl. Electron. Mat@n submission)



(Physical) Plasma Etching Model

Selective SiGe etching in a CF,/O, plasma

o Etching is isotropic and selective against Si
° Where does the selectivity come from?
e Bond strengths?

Dissociation energy

StSI 310 kd/mol = 3.21 eV
GeGe 274 kd/mol = 2.84 eV
SitGe 297 kJ/mol = 3.08 eV
StO 800 kJ/mol = 8.29 eV
GeO 657 kd/mol = 6.81 eV
Bond Dissociation Energies, in CRC Handbook of Chemistry and Physics, CRC Pr:;

H. Shao et alACS Appl. Electron. Matén submission)



(Physical) Plasma Etching Model

Selective SiGe etching in a CF,/O, plasma

EDS for O o Etching Is isotropic and selective against Si
° Sl’Jrface oxidation? % F coverage
— 3@ — —) Q-
YA )
'O— . O coverage
T 3 - - T
T (z )
— —Si
30 —SiGe

N
o

Etching one pillar

=
o

onsumed thickness (nm

o Surface oxidation will hinder Si etching
more than SiGe etching

N\

With native oxide ° 20 40 el 60 80 100
H. Shao et alACS Appl. Electron. Mat@n submission) E.Pargoret al.,J. Vac. Sci. Technol3A (2019



(Physical) Plasma Etching Model

Selective SiGe etching in a CF,/O, plasma

o Typically, we want to place many
devices near each other

e This can cause microloading

=y y e

Substrate

o This effect can be captured using
Lateral etching is hindered by Monte Carlo ray tracing

IME-S5500 3.0kV 0.4mm x100k SE 500nm

Etching multiple pillars sidiey-side
H. Shao et alACS Appl. Electron. Matén submission)




(Physical) Plasma Etching Model

(a) 20mTorr (b) (C)

I'r

100 nm
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(Physical) Plasma Etching Model

o Loading is clearly visible for inner side pillars
o Etch depth reduces deeper inside the trench
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(Physical) Plasma Etching Model

o Plasma etching model as implemented in ViennaPS T single reactive species

s (

Molecular/lon transport Flux Molecular/lon collisions

In the plasma chamber > with the surface

Gas Phase Flow Ray Tracing
Coverages
New surface
v

Resulting velocity and Rates Chemical/physical reactions
change in topography molecules/ions on the surfac

Level Set Equation Monte Carlo




(Physical) Plasma Etching Model

Selective SiGe etching in a CF,/O, plasma

o Etching Is isotropic and selective against Si

| o At the feature scale, we track coverages
— = of adsorbed Fluorine d: and Oxygen d,

I o (@) ~
-y - ‘O —
iz g | 3 ) Q;
e ’Q
" ’Qc‘) r 3 (p ) T T

o The etch rate Is then
@ P(2)

(@) | %64 @)




(Physical) Plasma Etching Model

Selective SiGe etching in a CF,/O, plasma

' e o wssoinsas Calibrate the model using the results of
100 nm critical dimension (CD) | the multi-pillar fabricated sample
Calibrated model  hy adjusting the flux and sticking coefficien

O )
" 00 3 (p — —) Q—
O—
" Qo 3P — —) T =
Lateral etching is hindered by « P TQ —
- Nearby pillars O(@) < I )

- High aspect ratios

Etching multiple pillars sidey-side
H. Shao et alACS Appl. Electron. Mat@n submission)




(Physical) Plasma Etching Model

Apply the calibrated model on different geometries
5 s etch at 20 mTorr pressure

"8 008

Calibrated model

Multi -pillar 50 nm CD Single pillar 200 nm Single pillar 50 nm

H. Shao et alACS Appl. Electron. Mat@n submission) A



(Physical) Plasma Etching Model

Apply the calibrated model on different geometries

5 s etch at 40 mTorr pressure

Multi-pillar 200 nm CD Single pillar 200 nm Single pillar 50 nm

H. Shao et alACS Appl. Electron. Matén submission)



Plasma Etching Parameter Search

o Use a global optimizer to find the parameters for the etching model
° Need to extract all latera etch depths automatically

(d)

H. Shao et alACS Appl. Electron. Mat@n submission)



Plasma Etching Parameter Search

o Use a global optimizer to find the parameters for the etching model
° Need to extract all latera etch depths automatically

o We extract the depths matrix:

[... 20.8 21. 20.8 21. 20.8 B3.9]
[... 16.7 16.7 16.7 16.9 16.B 33.5
[...14.114.1 13.9 14. 13.9 33.]

[..11.511.6 11.6 11.7 11.F 32.9

[.

[.

.10.210.2 10.1 10.3 10.8 32.8

. 9.2 9.2 92 9.2 9.2 31L9]

o Use the matrix elements to
define the optimization target
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Multi-Scale Plasma Etching Model

o Merging the reactor and feature scales
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Multi-Scale Plasma Etching Model

o We combine reactor simulation (FEM) with ViennaP$S topography simulations (LS)
o Implementation for CI,/Ar plasma:

Inputs .
P \ /Reactor FEM Simulatio\n 4 ViennaP$S A
. oo At o Plasma simulation FeatureScale Simulator
B T Ay ’.'mm At Al Electron impact Complex features

Chemical reactions HAR structures
" g 1 /

ATE 1




Multi-Scale Plasma Etching Model

o We combine reactor simulation (FEM) with ViennaP$S topography simulations (LS)
o Implementation for CI,/Ar plasma:

Inputs
P Reactor FEM Simulation 4 ViennaPS A
. 5 AA. o Plasma. simulation FeatureScale Simulator
i EI th An mmH' Electron impact Complex features
Chemical reactions HAR structures )
ATE u\
o Reactor simulation: - ©
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Multi-Scale Plasma Etching Model

o We combine reactor simulation (FEM) with ViennaP$S topography simulations (LS)
o Implementation for CI,/Ar plasma:
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Multi-Scale Plasma Etching Model

o We combine reactor simulation (FEM) with ViennaP$S topography simulations (LS)
o Implementation for CI,/Ar plasma:
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Multi-Scale Plasma Etching Model

o We combine reactor simulation (FEM) with ViennaP$S topography simulations (LS)
o Implementation for CI,/Ar plasma:
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Multi-Scale Plasma Etching Model

o We combine reactor simulation (FEM) with ViennaP$S topography simulations (LS)
o Implementation for CI,/Ar plasma:

Inputs .
b \ /Reactor FEM Simulatio\n a ViennaPS h
S NS Plasma. simulation FeatureScale Simulator
B T Ay ,{mh] At Al Electron impact Complex features

Chemical reactions
N J

HAR structures
ATE u\ /

o We test CI2/Ar plasma chamber simulations for 18 750 combinations

Coil power P.,; (W): 200, 300, 400, 500, GO0

Gas flow O/ (scem): 50, 75, 100, 125, 150
Pressure p (Torr): 0.007, 0.01, 0.013, 0016, 0.019

Cl; concentration ratio Cgy, /(Cey, +Car): 055, 0.65, 0.75, 085, 095
Temperature T (°C): 25, 35, 435, 55, 65

Bias voltage Vi, (V): 0, =30,  -60, -90), -120, -150
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Multi-Scale Plasma Etching Model

o Generation of a multi-variable spline interpolation model
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Multi-Scale Plasma Etching Model

o Application of a multi-variable spline interpolation model
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Alternative Approaches with Machine Learning




