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The three-dimensional (3D) NAND flash memory technology has been the primary solution for any platforms
requiring data storage. In 3D NAND device fabrication, a stack of alternating SiO2 and SiN layers (which we refer
to as ONON multilayers) is used to form the foundation of the memory cells. The number of stacked layers
determines the memory capacity of the 3D NAND. After the film stack deposition, hole channels with a high
aspect ratio (HAR) must be etched through all these layers. This HAR etching step has become the main
roadblock to the further scaling of 3D NAND devices. In HAR etching, deviations from a straight profile such as
twisting, bending, and bowing, become more difficult to manage as the aspect ratio is further increased.
Therefore, it is the goal of this study to provide insights into the HAR etching process of SiO2 and SiN by
fluorocarbon (FC) plasma through molecular dynamics (MD) simulation and ion beam experiments.

For a better understanding of how energetic ions interact with the sidewalls of HAR channels during reactive
ion etching (RIE), MD simulations for the scattering of Ne, Ar, and Xe ions on Si and SiOz surfaces were
performed. The simulations were performed at grazing-angle ion incidence (70° - 85°) to examine how the angular
distribution of reflected ions deviates from that of the ideal specular reflection, depending on the ion mass,
incident angle, and surface material and its roughness. It is found that, the higher the ion mass is, the less
grazing the ion incident angle is, or the rougher the surface is, the larger the angular distribution of reflected ions
becomes around the corresponding specular reflection angles. Quantitative information on such reflected ions can
be used to predict the profile evolution of HAR channels in RIE processes.

Several different types of MD simulations were performed in this research, including simulations of the
etching of Si02 and SiN by CFs* ions and Cl* ions. The etching yields obtained in the simulations were compared
to experimentally obtained etching yields, wherein relatively good agreements were observed. The reasonable
agreement between the simulation and experiments led to the understanding that MD simulation could provide
good insights into the HAR etching process. In line with this, MD simulations of the etching of a SiO2 - SiN bilayer
by CFs* ions, which represented typical reactive ions from FC plasma, were performed. Based on the results, it
was concluded that the etch rate of an ONON multilayer was dependent on the thickness of the mixing layer,
which in turn depended on the ion energy and the thickness of each SiOz or SiN layer. If the ion energy was high
enough such that the thickness of the mixing layer was much higher than the layer thicknesses, a single etch rate
was attained. MD simulations of the etching of SiO2 and SiN by simultaneous injections of energetic CI* and CFs*
ions, which represented ion irradiation from Cl-containing fluorocarbon plasmas, were also performed. The effects
of adding CI* ions to CFs* ions were studied. The results showed that an increase in the etch rate was only
observed when Cl* ions were added at oblique angles. Based on the results, a possible mechanism for smoothing a
tapered HAR channel was proposed.

This study also aims to understand the mechanisms of RIE processes to form nanometer-scale holes into a
Si02 surface region with carbon masks by FC plasmas, using MD simulation. The results showed that, in the case
of ion beam etching by CF3* ions, the etching yield generally increased with increasing ion energy, and etching at
high ion incident energies was dominated by physical sputtering. Preferential removal of oxygen was also
observed, which resulted in Si-rich inner walls of the etched hole channel. Tapered etched hole channels were
formed due to the re-deposition of sputtered atoms. The effects of the simultaneous irradiation of CF3 radicals
with CF3* ion injection on the etching process were also investigated. It was shown that there was an optimum

ratio of the radical to ion fluxes to maximize the etching yields.
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