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Introduction to Atomic-Scale Simulation and Modelling € Tyndall
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Why iIs atomic level simulation so important?

State of the art Next innovation options Further out options

An imec view on the CMOS technology scaling roadmap.
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Electrical Energy [kWh/Wafer]

Sustainability Challenges in Atomic Level
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Principles and Green/Sustainable € Tyndall
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12, Inherently safer chemisiry 1. Prevention Positive Role of Materials
for accidents prevention Simulations

11. Real-lime analysis for pollution prevention

[1&. Design for degradation ] ’

=3

2. Atom economy ]

[3_ Safer chemical synthesis ]

[4. Safer chemical design ]

2. Use of safer solvents

. and auxiliaries

7. Use of renewable 6. Energy efficiency
raw materials

[ 8. Reduction of ::rerin.ratives]

Weber et al ACS Mater Au 2023, 3,274
Anastas and Eghbali. Chem. Soc. Rev. 2010, 39 (1), 301- 312, DOI: 10.1039/B918763B
Saudi Pharm. J. 2019,27 (1), 1- 8, DOI: 10.1016/j.jsps.2018.07.011



Sustainability Benefits of Simulation € Tyndall
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Sustainability Benefits of Simulation € Tyndal
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Sustainability Benefits of Simulation & Tyndal

Our Examples:
- “Digital Twin” for ALP development and optimisation

- Processes with less harsh and lower energy intensity chemistries

- Precursors for Atomic and Molecular Layer Deposition
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Our Examples:
- “Digital Twin” for ALP development and optimisation

- Processes with less harsh and lower energy intensity chemistries
- Precursors for Atomic and Molecular Layer Deposition

- Replace fluorinated chemicals for etch and other processes
replace halogens for etch




Sustainability Benefits of Simulation & Tyndal
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Our Examples:
- “Digital Twin” for ALP development and optimisation

- Processes with less harsh and lower energy intensity chemistries
- Precursors for Atomic and Molecular Layer Deposition

- Replace fluorinated chemicals for etch and other processes
replace halogens for etch

- Avoid precious and critical materials
- MLD process chemistry for thin lubricious coatings

- Non-fluorinated low friction coatings for gaming peripherals




Surface Chemistry for Atomic Level Processing
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Example — Metal Interconnects

Core metal width Simple Shrink Leads to
— Line Resistance Issues

Not enough room for core metal
<+

=

: e A

: : : :

% > S —
Total line width Total line width

g

Vos, Martijn FJ, et al. "Atomic layer deposition of cobalt using H2-, N2-, and NH3-based plasmas: on the role of the Co-reactant."
J. Phys. Chem. C 122.39 (2018): 22519-22529.
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Lower Line Resistance Options
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ALD of Alternative Interconnect € Tyndall
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PE-ALD of Ru and Co with H,/NH, plasma 1 half-cycle
/NHs p / 3"
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Vos, Martijn FJ, et al. "Atomic layer deposition of cobalt using H2-, N2-, and NH3-based plasmas: on the role of the Co-reactant."
J. Phys. Chem. C 122.39 (2018): 22519-22529.




Metal Plasma ALD: First Full ALD Cycle Study € Tyndall
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Liu, Ji, et al. Nanoscale 2022,

Liu, Ji, and Michael Nolan." J. Phys. Chem. C doi:10.1039/D1NRO5568B

123.41 (2019): 25166-25175.



Precursor reaction mechanism —
Simulation to predict: *Tyndall
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- Thermodynamics of reaction of precursor at surface: is the possible chemistry favourable? insiiia Naision
- Kinetics: calculating activation barrier of key process step(s)
- Screening precursors without doing lab experiments

CoCp fragment

H transfer barrier
0.56eV

Single CoCp,



N-plasma half-cycle € Tyndall
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Liu, Ji, et al. Self-limiting nitrogen/hydrogen plasma radical chemistry in plasma-enhanced atomic layer deposition of cobalt. Nanoscale 2022, https://doi.org/10.1039/D1NR05568B)
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N-plasma half-cycle € Tyndall
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Liu, Ji, et al. Self-limiting nitrogen/hydrogen plasma radical chemistry in plasma-enhanced atomic layer deposition of cobalt. Nanoscale 2022, https://doi.org/10.1039/D1NR05568B)
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Example - Hybrid Polymer/Organic Materials € Tyndall
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Hybrid inorganic-organic materials interesting across many technologies
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Kint et al. Chem of Mat., 2020, 32, 11, 4451 - 4466



Example - Hybrid Polymer/Organic Materials € Tyndall
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Inorganic precursor pulse Self-saturated chemisorption

Exploit Molecular r
Layer Deposition :

simulations to understand/predict
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One monolayer of material . Organic precursor pulse

work '

-> Eliminate non-performing

chemistries

-> Avoid unsustainable materials and

chemicals

: b
MLD  benefits from  atomistic ¥ = /\ N~ —

-« ef e

e o
o
T e -e

i

o

-
-

AM, MN Chemistry of Materials, 2020, 32, 4451

Doi:10.1021/acs.chemmater.9b05116 ’

Dalton Trans 2020, 49, 8710 \/
D0i:10.1039/DODT01376E
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Example - Hybrid Polymer/Organic Materials € Tyndall

AM, MN Chemistry of Materials, 2020, 32, 4451 o
D0i:10.1021/acs.chemmater.9b05116 Preference for bOth to l]e flat

Dalton Trans 2020, 49, 8710
D0i:10.1039/DODT01376E

Glycerol grows thicker films because it has extra reactive sites
But alucones show poor stability in ambient
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Hybrid Materials

Hydroquinone (HQ) Phenylenediamine (PD)

£ [
AE =-1.38 eV AE =-1.12 eV

Aminophenol (AP)
AP (Al-O bonding) AP (Al-N) bonding)

AE =-1.25 eV E =-0.86 »
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All aromatic organic precursors react favorably W|th
TMA adsorbed on the Al203 surface

The energies indicate that formation of the Al-O bond
is more favourable compared to the Al-N bond

Key result is that the preference is for the upright and
rigid configuration

New class of organics for hybrid materials

ldea Proved in MLD study with Aalto

A Tanskanen, P Sundberg, M Nolan, M Karppinen, Thin Solid Films 2021, 736, 138896
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A'lascent+ Access to European Infrastructure for Nanoelectronics

NANOFABRICATION
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Interconnect Barrier/Liner Challenge

barrler liner

-> deposition

of barrier, liner

& plating to fill
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Combined
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Proposed Solution
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film
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e-TaN (110)
Surface

Copper Islands -> non-conducting
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Continue to use Copper — Promoting Deposition of %Tyndall
Conducting Copper 2

Core metal width

Increase volume available to the metal

Devise new materials system:

TaN barrier that incorporates Ru directly into its surface layer (using
Atomic Layer Deposition)

A
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New Materials to Promote Copper € Tyndall
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Low energy barrier
to migration

x Non-conducting
islands formed

50% Ru-doped TaN is a combined barrier/liner material
‘ ‘/ Conductive thin
film formed

Cu-RuTaN morphology paper movies - Google Drive

High energy barrier
to migration

x Thermal
Instability

1 - SK Natarajan, Cara-Lena Nies, and M Nolan. J. Mat Chem C (2019) doi:10.1039/C8TC06118A
2 - Suresh Kondati Natarajan, Cara-Lena Nies, and Michael Nolan. J. Chem Phys. (2020) doi:10.1063/5.0003852
3 - Cara-Lena Nies, Suresh Kondati Natarajan and Michael Nolan. Chem Sci. (2021). doi:10.1039/D1SC04708F


https://drive.google.com/drive/folders/12qOVV1KSPBgKNUcdg-eq64iA9LDmMYhR
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