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Abstract of Thesis

As semiconductor devices continue to become smaller and incorporate more complex 3D structures, the demand
for highly precise nano-scale fabrication has significantly increased. This growing need has led to a strong
interest in advanced etching techniques. Atomic layer etching (ALE) has emerged as a key method for achieving
atomic-scale precision. This level of control is particularly useful in addressing the challenges of modern

semiconductor manufacturing.

In this study, molecular dynamics (MD) simulations were performed to explore the etching mechanisms during
plasma-enhanced atomic layer etching (PE-ALE) of silicon nitride (SiN) surfaces. Recent experiments have shown
that the PE-ALE process, involving hydrofluorocarbon (HFC) adsorption followed by argon ion (Ar*) irradiation,
can lead to an etch-stop phenomenon. The simulations revealed that carbon (C) remnants at the end of a PE-ALE
cycle can result in further C accumulation in subsequent cycles. Under typical Ar* ion irradiation conditions,
nitrogen (N) atoms are preferentially removed over silicon (Si) atoms. This selective removal increases the
Si-richness of the SiN surface, thereby promoting C accumulation through the formation of Si-C bonds.
Additionally, fluorine (F) atoms facilitate Si removal, whereas hydrogen (H) and C atoms contribute to N removal

from the SiN surface.

Additionally, the influence of introducing oxygen (O) ion irradiation at the end of each cycle of the SiN PE-ALE
process was examined to address etch-stop caused by excessive HFC polymer accumulation. This thick polymer
layer blocks and obstructs ion impact during the desorption step. To prevent etch-stop, an oxygen (O2) plasma
irradiation step was added after the desorption step of the conventional two-step SiN PE-ALE process.
Differences between the conventional two-step and the modified three-step PE-ALE processes, which include the
Oz plasma irradiation, were discussed. In the simulations, low-energy CH2F radicals were deposited on the SiN
surface during the adsorption step. The modified surface was then irradiated with energetic Ar* ions and
subsequently etched in the desorption step. In the additional Oz plasma irradiation step, the resulting surface
was irradiated with low-energy O species, which removed excess C atoms by promoting the formation of volatile

CO molecules. This O irradiation step was found to effectively prevent C layer accumulation on the surface.

Further simulations were performed to examine the interactions between the SiN surface and various inert gas
ion irradiations, including Ar*, krypton (Kr*), and xenon (Xe*). Changes in surface height, penetration depths of
HFC species, and thickness of the damaged layer over several PE-ALE cycles were observed. The results showed
that Ar* ions etched the SiN surface more efficiently than Kr* or Xe* ions under the same conditions. The slower
etching rates observed with Kr* or Xe* ion irradiation were attributed to the accumulation of HFC species.
Despite these differences in etching efficiency, the thickness of the damaged layers showed no significant

differences when Ar*, Kr*, and Xe* ions were used in the desorption step.
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