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Abstract
In modern semiconductor device fabrication, the dimensions involved means that Atomic Level Processing, 
exemplified by Atomic Layer Deposition (ALD), is widely used for film deposition. Further scaling and use of 
complex three-dimensional structures means that Thermal Atomic Layer Etch (tALE) will start to take centre 
stage in etching. The key chemistry takes place at surfaces which drives the self-limiting characteristics and 
other advantages of these atomic level processing approaches.
However, there is a side to device processing that needs to be addressed and this is the heavy 
environmental impact and non-sustainable nature of current atomic level processing chemistries. Specific 
examples include: up to 99% of precursors introduced into the processing tool are simply wasted, the high 
process temperatures, the complex synthesis of precursors (which can add to their high cost), using 
fluorinated and other environmentally unfriendly chemicals, the large number of sequential deposition & etch 
cycles which remove material that is wasted and the potentially large number of laboratory experiments 
(many of which fail) that are needed to develop a new process chemistry. I will present how first principles 
atomistic simulations based on Density Functional Theory can be used to predict the chemistry of atomic 
level deposition and etch processes and how these simulations can help with enhancing the sustainability of 
semiconductor devices processing, setting the industry on the path to truly green and sustainable 
manufacturing processes. The first topic is the simulation of plasma enhanced deposition (PE-ALD) of 
metals, using the example of cobalt for next generation interconnects. Our simulations show the first 
example of an atomistic level study of the full PE-ALD cycle for Co metal. We showed that the process 
requires use of ammonia or mixed H2/N2 plasma, eliminating the requirement to explore different plasmas to
see what works. Calculated energy barriers for key steps give guidance regarding the temperatures required 
for the process, eliminating the need to explore the role of temperature through multiple time and resource 
consuming experiments. Finally, we also show how substrate pre-treatment can reduce nucleation delay and
therefore deposit the target film more rapidly.
Our second example is MLD of hybrid materials, using alucone and titanicone as the prototypical examples. 
Using aliphatic ethylene glycol and glycerol results in less-than-ideal growth per cycle (they lie flat) and poor 
ambient stability. Therefore, we developed functionalized benzene rings as rigid alternatives and show that 
the molecules remain upright, which provides high GPC and stability. Subsequent work on titanicones with 
both DFT and experiment, using these aromatic precursors, confirms the enhanced stability of MLD films 
using aromatic molecule, which also show high growth rates. 
My presentation therefore demonstrates how first principles simulations are a vital part of developing greener
and more sustainable atomic level processing chemistries for semiconductor device processing. Finding 
efficient processes through simulations can increase the usage and efficiency of film processing. Other 
examples where simulations can and will play a role include developing non-halogenated ALE chemistries, 
better design of reactors to maximise precursor use, better precursor design with higher atom economy and 
finding alternatives to unsustainable synthesis chemistries.
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Abstract
In this talk, we will review the requirements and challenges of SiGe/Si multi-layers epitaxy for advanced 
technology nodes, namely complementary FET (CFET). CFET concept relies on stacking top and bottom 
devices vertically. To enable such integration, the epi stack should be thicker and different compared to gate-
all-around architecture. Thus, requiring two different Ge contents in the stack to create etch contrast. In 
general, high Ge content SiGe layers show relaxation signs earlier than low Ge content SiGe layers, due to 
the increased lattice mismatch with Si substrate. Therefore, the high Ge content combined with several SiGe/
Si layers would make it prone to relaxation and misfit dislocation (MD) appears on the surface. These defects
would be detrimental for device performance and needs to be eliminated. Firstly, the characterization 
techniques suitable to detect such defects would be discussed. Moreover, optimized process conditions to 
enable fully-strained MD-free wafers will be presented highlighting the feasibility of the stack on industry 
relevant specs. Finally, transmission electron microscopy images will be shown depicting the sharp interface 
transition and smooth top surface morphology.
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Abstract
The next generation of high-NA extreme ultraviolet (EUV) photolithography introduces increasingly higher 
power levels and faster reticle accelerations, enabling the next step in scanner efficiency. This results in 
higher heat load and mechanical stress on the EUV pellicles. Here we demonstrate carbon nanotube (CNT) 
pellicles manufactured directly from a floating catalyst chemical vapor deposition (FC-CVD) reactor, using a 
dry deposition method. This facile direct method yields highly uniform carbon nanotube networks of high 
strength and purity, enabling exceedingly thin CNT pellicles with high transparency at EUV wavelengths. 
Control over the FC-CVD synthesis allows tailoring of the carbon nanotube diameter and wall count (SWCNT
or FWCNT), as well as control over the CNT network morphology such as the density, bundle size, and 
orientation of CNTs. The combination of this direct synthesis method with the exceptional mechanical and 
thermal properties of CNTs provides a versatile membrane platform, which can be further modified with post 
process steps such as purification to remove metal impurities. To enable conformal and thin coatings on 
CNTs, wet or dry functionalization steps are demonstrated to match the surface chemistry of CNTs to the 
specific deposition chemistry used in atomic layer (ALD), chemical vapor (CVD), or physical vapor (PVD) 
deposition processes. Thicker and denser CNT membranes with appropriate coatings are also suitable for 
other roles, such as filtering debris from an EUV source, blocking DUV photons and electrons, and providing 
a gas seal for differential pressure.
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