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What is TCAD?

Simulation tools used to model semiconductor fabrication and operation

Process Device
SPICE 
model

Vdd 1 0 DC +5V

Vss 4 0 DC - 5V

M1 2 0 3 3 nmos L=10u 

W=400u

Rd 1 2 10k

Rs 3 4 5k

.model nmos nmos ( kp=20u 

Vto =+2V lambda=0)

.OP

.end

Layout RC extraction SPICE simulation
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Why TCAD?

ITRS estimated technology development cost and 
time reduction from the use of TCAD of about 30%

Allows to ñseeò inside the device
Measurements: This is what happens

TCAD: This is why it happens

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

DoE

Fab

Extract 
CM

Meas.

Technology
Transistors
Interconnects

Transistors
Test circuits
Full circuits

Transistors/
Interconnect
Recenter PDK

Test circuits
Full circuits

Calibration

DoE

TCAD Sim

Extract CM

Spice Sim

Technology simulation
Transistors simulation
Interconnects simulation

Transistors
Interconnect

Technology
Transistors
Interconnects

Transistors/interconnects
Recenter PDK

Test circuits
Full circuits

In-Silicon

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

Physics-based TCAD can be used to optimize and propose designs

Technology

Process TCAD

Structure 
Generation

Molecular 
Dynamics

Device

Device TCAD

Compact
Model

Atomistic
Ab-initio DFT

Design

Spice Model

Parasitic 
Extraction

PPA Evaluation

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

First 2D MOSFET simulator from the Institute for Microelectronics in 1980
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TCAD-Supported Design-Technology Co-Optimization (DTCO)

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

Doping
concentration

Electric
Potential

ID-VG curves
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Field Effect Transistor Scaling

Over the last 2 decades the planar MOSFET has undergone significant redesigns

130nm
2002

90nm
2004

65nm
2006

45nm
2008

32nm
2010

22nm
2012

14nm
2014

10nm
2016

7nm
2018

5nm
2020

Strain engineering

3nm
2024?

FinFET

FinFETHigh-k & Metal gate

Gate-All-Around?

L. Filipovic, T. Grasser (Ed.) Miniaturized Transistors, ISBN: 978-3-03921-010-7 (2019)

More
complex
processes

Novel
geometries

Novel
materials
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Approximate time and length scales covered by different approaches

Multi-Scale Process Modeling



9

Outline

Technology Computer-Aided Design (TCAD)

ViennaPS Framework

Process Simulation

Chemical Vapor Deposition

Plasma Etching

Link to Equipment Settings



10

Simulation Framework

ViennaPS

ViennaRayViennaLS

OptiXEmbree

ViennaCS

CPU GPU

VTKViennaHRLE

VisualizationLS storage

Level Set Cell Set Ray tracer

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

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

ViennaPS

ViennaRayViennaLS

OptiXEmbree

ViennaCS

CPU GPU

VTKViennaHRLE

Visualization

Level-Set Method
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Simulation Framework

Narrow- or sparse-field level set is stored (not full domain)
X.Klemenschits, PhD, TU Wien (2022) ïSection 2.3.2

Manhattan distances are stored instead
of Euclidian

Example for the sparse field

Narrow Band Sparse Field

Active grid points (only stored)

LS value less than one grid space,
but not stored
LS too large ςnot stored

https://doi.org/10.34726/hss.2022.89324
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Simulation Framework

ViennaPS

ViennaRayViennaLS

OptiXEmbree

ViennaCS

CPU GPU

VTKViennaHRLE

Visualization

Cell-Set Method
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Simulation Framework

ViennaPS

ViennaRayViennaLS

OptiXEmbree

ViennaCS

CPU GPU

VTKViennaHRLE

Visualization

Top-Down Flux Calculation
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Process TCAD ïPhysical Modeling at Feature Scale

Deposition

DRIE

Wet etching

Plasma etching

ALD
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

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

Radical/Ion transport 
in the plasma chamber

Gas Phase Flow

Flat wafer rates

Ion directionality

Radical Ion
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

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

Radical/Ion transport 
in the plasma chamber

Gas Phase Flow

Rates

Isotropy

Radical/Ion collisions 
with the surface

Ray Tracing

Incoming
Particle Flux

Radical Ion
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

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

Radical/Ion transport 
in the plasma chamber

Gas Phase Flow

Rates

Isotropy

Radical/Ion collisions 
with the surface

Ray Tracing

Deposition rate calculation 
based on fluxes

Rate Calculation

Incoming
Particle Flux

Deposition
Rate ○

Neutral radical contribution Charged ion contribution

https://viennatools.github.io/ViennaPS/models/prebuilt/TEOSPECVD.html
S.S. Singh et al., Physics of Semiconductor Devices: 17th Int. Workshop (2013)

https://viennatools.github.io/ViennaPS/models/prebuilt/TEOSPECVD.html
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

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

Radical/Ion transport 
in the plasma chamber

Gas Phase Flow

Rates

Isotropy

Radical/Ion collisions 
with the surface

Ray Tracing

Deposition rate calculation 
based on fluxes

Rate Calculation

Incoming
Particle Flux

Rate ○

Resulting change 
in topography

Level Set Equation

New surface
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Plasma-Enhanced Chemical Vapor Deposition (PECVD)

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

Flat-wafer rate
(analogous to source flux)

Treat potential non-linearity
of the surface reactions
https://www.iue.tuwien.ac.at
/phd/ertl/node23.html

·ΦYƭŜƳŜƴǎŎƘƛǘǎΣ tƘ5Σ ¢¦ ²ƛŜƴ όнлннύ ς ǎŜŎǘƛƻƴ оΦнΦн

X.Klemenschits, PhD, TU 
Wien (2022)ςsection 3.2.2

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
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Initial topography

Deposited oxide
after TEOS PECVD

PECVD Parameter Search

Use a global optimizer to find the neutral radical and ion parameters

The parameters should ensure the deposition follows the measured profile below
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PECVD Parameter Search

Use a global optimizer to find the neutral radical and ion parameters

The parameters should ensure the deposition follows the measured profile below

122 nm

253 nm

80 nm

Geometric descriptors 
used for the optimization

Initial topography

Deposited oxide
after TEOS PECVD
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PECVD Parameter Search

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

Deposited oxide
using optimized
parameters

●

●

●Parameter arguments

Ὁ
ὶ
ὶ
έ
ὶ

╔►►▫►● ● ●

http://blog.dlib.net/2017/12/a-global-optimization-algorithm-worth.html
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PECVD Parameter Search

Test the optimized parameters on a different structure

Currently enhancing the set of geometric descriptors for better optimization



26

Outline

Technology Computer-Aided Design (TCAD)

ViennaPS Framework

Process Simulation

Chemical Vapor Deposition

Plasma Etching

Link to Equipment Settings



27

(Physical) Plasma Etching Model

Physical SF6/O2 plasma etching model implemented in ViennaPS

Molecular/Ion transport 
in the plasma chamber

Gas Phase Flow

Flux at the source plane

Ion Energy distribution

Radical Ion
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(Physical) Plasma Etching Model

Physical SF6/O2 plasma etching model implemented in ViennaPS

Molecular/Ion transport 
in the plasma chamber

Gas Phase Flow

Molecular/Ion collisions 
with the surface

Ray Tracing

Flux

Surface
Coverages

Ion E

Radical Ion
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(Physical) Plasma Etching Model

Physical SF6/O2 plasma etching model implemented in ViennaPS

Molecular/Ion transport 
in the plasma chamber

Gas Phase Flow

Molecular/Ion collisions 
with the surface

Ray Tracing

Chemical/physical reactions of 
molecules/ions on the surface

Monte Carlo

Flux

Surface
Coverages

Rates

Ion E

Sputtering yield

Ion flux Fluorine coverage

R.J. Belen et al., J. Vac. Sci. Technol. A 23, 1430ς1439 (2005)
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(Physical) Plasma Etching Model

Physical SF6/O2 plasma etching model implemented in ViennaPS

Molecular/Ion transport 
in the plasma chamber

Gas Phase Flow

Molecular/Ion collisions 
with the surface

Ray Tracing

Chemical/physical reactions of 
molecules/ions on the surface

Monte Carlo

Flux

Surface
Coverages

Rates

Ion E

Angle- and energy-dependent ionflux

Ion energyrandomlydistributed
with a Gaussiandistribution

Threshold energy
for etching

Yield function depending 
on incident angle X.Klemenschits, PhD, TU Wien (2022)ςSection 3.2.4

https://viennatools.github.io/ViennaPS/models/prebuilt/SF6O2Etching.html

https://doi.org/10.34726/hss.2022.89324
https://viennatools.github.io/ViennaPS/models/prebuilt/SF6O2Etching.html
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(Physical) Plasma Etching Model

Physical SF6/O2 plasma etching model implemented in ViennaPS

Molecular/Ion transport 
in the plasma chamber

Gas Phase Flow

Molecular/Ion collisions 
with the surface

Ray Tracing

Chemical/physical reactions of 
molecules/ions on the surface

Monte Carlo

Resulting velocity and 
change in topography

Level Set Equation

Flux

Surface
Coverages

Rates

New surface

Ion E
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(Physical) Plasma Etching Model

SF6/O2 etching model implementation in ViennaPS
https://viennatools.github.io/ViennaPS/models/prebuilt/SF6O2Etching.html

Assuming Gaussian 
energy distribution

Power cosine distribution 
from the source plane
(more vertical due to E-field)

Cosine distribution from 
the source plane
(even distribution)

·ΦYƭŜƳŜƴǎŎƘƛǘǎΣ tƘ5Σ ¢¦ ²ƛŜƴ όнлннύ ς ǎŜŎǘƛƻƴ оΦнΦн

X.Klemenschits, PhD, TU 
Wien (2022)ςsection 3.2.2

Belen et al., J.Vac.Sci.Technol.A23 (2005)   /  R.A. Gottschoet al. J.Vac.Sci.Technol.B10 (1992)

X.Klemenschits, PhD, TU 
Wien (2022)ςsection 3.2.2

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
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(Physical) Plasma Etching Model

SF6/O2 etching model implementation in ViennaPS

O2 to SF6 ratio
Pressure

Calibrated model
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Example: Formation of a Si channel for GAA transistors

(Physical) Plasma Etching Model
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Selective SiGe etching in a CF4/O2 plasma

(Physical) Plasma Etching Model

Recipe:

Pressure:10 - 40 mTorr

RF plasma power:600 W

CF4 flow: 100 sccm

O2 flow: 20 sccm

He flow: 8 sccm

Temperature:сл ꜛ/

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Selective SiGe etching in a CF4/O2 plasma

(Physical) Plasma Etching Model

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Selective SiGe etching in a CF4/O2 plasma

(Physical) Plasma Etching Model

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Selective SiGe etching in a CF4/O2 plasma

(Physical) Plasma Etching Model

Etching is isotropic and selective against Si

Where does the selectivity come from?

Bond strengths?

Bond Dissociation energy

Si-Si 310 kJ/mol = 3.21 eV

Ge-Ge 274 kJ/mol = 2.84 eV

Si-Ge 297 kJ/mol = 3.08 eV

Si-O 800 kJ/mol = 8.29 eV

Ge-O 657 kJ/mol = 6.81 eV

Bond Dissociation Energies, in CRC Handbook of Chemistry and Physics, CRC Press, 2012

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Selective SiGe etching in a CF4/O2 plasma

(Physical) Plasma Etching Model

Etching is isotropic and selective against Si

Surface oxidation?

Etching one pillar

Surface oxidation will hinder Si etching 
more than SiGe etching

With native oxide

F coverage

O coverage

E. Pargonet al., J. Vac. Sci. Technol. A37 (2019)

„
Ὠ—

Ὠὸ
‎ɜ ρ — — Ὧ„—

„
Ὠ—

Ὠὸ
‎ɜ ρ — — ‍„—

EDS for O

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Selective SiGe etching in a CF4/O2 plasma

(Physical) Plasma Etching Model

Etching multiple pillars side-by-side

Typically, we want to place many 
devices near each other

This can cause microloading

This effect can be captured using
Monte Carlo ray tracingLateral etching is hindered by

- Nearby pillars
- High aspect ratios

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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(Physical) Plasma Etching Model

3 s                                                    5 s                                                   7 s             10 s

10 mTorr 20 mTorr 30 mTorr 40 mTorr

20 mTorr

5 s



42

(Physical) Plasma Etching Model

Loading is clearly visible for inner side pillars

Etch depth reduces deeper inside the trench
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(Physical) Plasma Etching Model

Plasma etching model as implemented in ViennaPS ïsingle reactive species

Molecular/Ion transport 
in the plasma chamber

Gas Phase Flow

Molecular/Ion collisions 
with the surface

Ray Tracing

Chemical/physical reactions of 
molecules/ions on the surface

Monte Carlo

Resulting velocity and 
change in topography

Level Set Equation

Flux

Coverages

Rates

New surface

J. Bobinac et al., Miromachines14 (2023)



44

Selective SiGe etching in a CF4/O2 plasma

(Physical) Plasma Etching Model

Etching is isotropic and selective against Si

At the feature scale, we track coverages
of adsorbed Fluorine ɗF and Oxygen ɗO

The etch rate is then

Etching one pillar ὺᴆὼ
ρ

”

Ὧ„—

τ

„
Ὠ—

Ὠὸ
‎ɜ ρ — — Ὧ„—

„
Ὠ—

Ὠὸ
‎ɜ ρ — — ‍„—

Ὠ‰ᴆὼȟὸ

Ὠὸ
ὺᴆὼ ‰ɳ ᴆὼȟὸ
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Selective SiGe etching in a CF4/O2 plasma

(Physical) Plasma Etching Model

Etching multiple pillars side-by-side

Lateral etching is hindered by
- Nearby pillars
- High aspect ratios

20 mTorr / 5 s Calibrate the model using the results of
the multi-pillar fabricated sample 
by adjusting the flux and sticking coefficient

ὺᴆὼ
ρ

”

Ὧ„—

τ

„
Ὠ—

Ὠὸ
‎ɜ ρ — — Ὧ„—

„
Ὠ—

Ὠὸ
‎ɜ ρ — — ‍„—

100 nm critical dimension (CD)

Calibrated model

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Apply the calibrated model on different geometries

(Physical) Plasma Etching Model

5 s etch at 20 mTorr pressure

Multi -pillar 50 nm CD Single pillar 100 nm Single pillar 50 nm

Calibrated model

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Apply the calibrated model on different geometries

(Physical) Plasma Etching Model

5 s etch at 40 mTorr pressure

Multi -pillar 100 nm CD Single pillar 100 nm Single pillar 50 nm

Calibrated model

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Plasma Etching Parameter Search

Use a global optimizer to find the parameters for the etching model

Need to extract all latera etch depths automatically

H. Shao et al., ACS Appl. Electron. Mater.(in submission)
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Plasma Etching Parameter Search

Use a global optimizer to find the parameters for the etching model

Need to extract all latera etch depths automatically

We extract the depths matrix:

Use the matrix elements to
define the optimization target

[[... 20.8 21.  20.8 21.  20.8 33.9]

[... 16.7 16.7 16.7 16.9 16.8 33.5]

[... 14.1 14.1 13.9 14.  13.9 33. ]

[... 11.5 11.6 11.6 11.7 11.7 32.9]

[... 10.2 10.2 10.1 10.3 10.3 32.8]

[...  9.2  9.2  9.2  9.2  9.2 31.9]]
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Multi-Scale Plasma Etching Model

Merging the reactor and feature scales

Radical Ion
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Multi-Scale Plasma Etching Model

We combine reactor simulation (FEM) with ViennaPS topography simulations (LS)

Implementation for Cl2/Ar plasma:

Reactor FEM Simulation ViennaPS
Feature-Scale SimulatorPlasma simulation

Electron impact
Chemical reactions

Complex features
HAR structures

ἍἴȾἓἷἶ

ἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Inputs
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#Ì#Ì

#Ì

#Ì

Multi-Scale Plasma Etching Model

We combine reactor simulation (FEM) with ViennaPS topography simulations (LS)

Implementation for Cl2/Ar plasma:

Reactor simulation:

Ionization: 
Å #ÌO ςÅ #Ì

Dissociation: 
Å #ÌO Å #Ì#Ì

Excitation: 
Å !ÒO !ÒÓÅ ᴼ!ÒÅ ᴐ‫

Reactor FEM Simulation ViennaPS
Feature-Scale SimulatorPlasma simulation

Electron impact
Chemical reactions

Complex features
HAR structures

ἍἴȾἓἷἶ

ἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Inputs

#Ì#Ì #Ì
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Multi-Scale Plasma Etching Model

Reactor FEM Simulation ViennaPS
Feature-Scale SimulatorPlasma simulation

Electron impact
Chemical reactions

Complex features
HAR structures

ἍἴȾἓἷἶ

ἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Inputs

We combine reactor simulation (FEM) with ViennaPS topography simulations (LS)

Implementation for Cl2/Ar plasma:

Reactor simulation:

Ionization: 
Å #ÌO ςÅ #Ì

Dissociation: 
Å #ÌO Å #Ì#Ì

Excitation: 
Å !ÒO !ÒÓÅ ᴼ!ÒÅ ᴐ‫
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Multi-Scale Plasma Etching Model

We combine reactor simulation (FEM) with ViennaPS topography simulations (LS)

Implementation for Cl2/Ar plasma:

Cl flux (m-2s-1) 

Reactor FEM Simulation ViennaPS
Feature-Scale SimulatorPlasma simulation

Electron impact
Chemical reactions

Complex features
HAR structures

ἍἴȾἓἷἶ

ἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Inputs
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Multi-Scale Plasma Etching Model

We combine reactor simulation (FEM) with ViennaPS topography simulations (LS)

Implementation for Cl2/Ar plasma:

Reactor FEM Simulation ViennaPS
Feature-Scale SimulatorPlasma simulation

Electron impact
Chemical reactions

Complex features
HAR structures

ἍἴȾἓἷἶ

ἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Inputs

Radical Ion
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Multi-Scale Plasma Etching Model

We combine reactor simulation (FEM) with ViennaPS topography simulations (LS)

Implementation for Cl2/Ar plasma:

We test Cl2/Ar plasma chamber simulations for 18 750 combinations

Reactor FEM Simulation ViennaPS
Feature-Scale SimulatorPlasma simulation

Electron impact
Chemical reactions

Complex features
HAR structures

ἍἴȾἓἷἶ

ἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Inputs
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Multi-Scale Plasma Etching Model

Generation of a multi-variable spline interpolation model

ἍἴȾἓἷἶἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

ἍἴȾἓἷἶ

Multi -Variable Spline Interpolation Model
Ἔ

ἢ

Ἰ
ἝἻἫἫἵ

ἍἍἴ
ἍἋἺ ἍἍἴ

ἤἪἱἩἻ

Reactor FEM Simulation ViennaPS
Feature-Scale SimulatorPlasma simulation

Electron impact
Chemical reactions

Complex features
HAR structures

ἍἴȾἓἷἶ

ἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Inputs
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Multi-Scale Plasma Etching Model

Application of a multi-variable spline interpolation model

ἍἴȾἓἷἶ

Reactor FEM Simulation ViennaPS
Feature-Scale SimulatorPlasma simulation

Electron impact
Chemical reactions

Complex features
HAR structures

ἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Inputs

ἍἴȾἓἷἶἜἫἷἱἴȟἝἻἫἫἵȟἸȟ
ἍἍἴ

ἍἋἺ ἍἍἴ
ȟἢȟἤἪἱἩἻ

Multi -Variable Spline Interpolation Model
Ἔ

ἢ

Ἰ
ἝἻἫἫἵ

ἍἍἴ
ἍἋἺ ἍἍἴ

ἤἪἱἩἻ
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Alternative Approaches with Machine Learning


