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ARTICLE INFO ABSTRACT

Keywords: The study investigated the bias-induced oxidation through ReaxFF molecular dynamics simulations in order to
Nanolithography bridge the knowledge gaps in the understanding of physical-chemical reaction at the atomic scale. Such an
ReaxFF MD

understanding is critical to realise accurate process control of bias-induced local anodic oxidation nano-
lithography. In this work, we simulated bias-induced oxidation by applying electric fields to passivated silicon
surfaces and performed a detailed analysis of the simulation results to identify the primary chemical components
involved in the reaction and their respective roles. In contrast to surface passivation, bias-induced oxidation led
mainly to the creation of Si-O-Si bonds in the oxide film, along with the consumption of H,0 and the generation
of H30" in the water layer, whereas the chemical composition on the oxidised surface remained essentially
unchanged with a mixture of Si-O-H, Si-H, Si-Hy, H,O-Si and Si-O-Si bonds. Furthermore, parametric studies
indicated that increased electric field strength and humidity did not significantly alter the surface chemical
composition but notably enhanced the bias-induced oxidation, as indicated by the increased number of Si-O-Si
bonds and oxide thickness in simulation results. A good agreement is achieved between the simulation and

Bias-induced oxidation
Chemical composition
Silicon

experimental results.

1. Introduction

Nanolithography through bias-induced local anodic oxidation (LAO)
is one of the promising nanopatterning approaches that enable high-
precision, direct and flexible fabrication of next-generation nano/
quantum devices [1]. This technique uses sharp probes or nano-
structured electrodes to induce controlled oxidation of a conductive
surface, enabling the creation of localised oxide structures within a
nanoscale region. Through precise control over oxidation growth, a wide
range of nanostructures can be created, including nanodots/nanoholes,
nanowires, and 3D nanostructures, that have proven to be useful in a
variety of applications, including quantum dots [2], nanoelectronics [3]
and optics [4]. Compared to optical lithography, electron or ion beam
lithography, and nanoimprint lithography, LAO is a straightforward
nanopatterning process with lower environmental requirements and
implementation costs, making it an attractive option for nanopatterning
on a simple platform. Recent advances with the use of multi-tip arrays or
structured nanoelectrodes have demonstrated that LAO can enable
large-scale nanopatterning on various materials [1,5].

An in-depth understanding of the underlying mechanism of physical
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and chemical reactions is very important to gain accurate process con-
trol in LAO with high-precision or even atomic or close-to-atomic scale
precision [6]. Theogene et al [7] used finite element simulations to study
the underlying mechanism of electric field enhancement in LAO process
and decoupled the influence of applied voltage, tip curvature radius,
semi-angle and tip-sample distance on electric field distribution. The
research outcome indicated that high electric field enhancement can be
achieved through a sharp tip with a small tip radius and a small semi-
angle. Cramer et al [8] applied SPC/E potentials-based molecular dy-
namics (MD) simulations to reveal and visualise the microscopic details
of the bias-induced build-up process of water bridge, which provided the
molecular description of the threshold voltage and hysteresis behaviour.
Choi et al [9] used the TIP3P model to simulate the water bridge for-
mation, thinning and snap-off, and obtained the simulation results-
based force-distance curve, which is well consistent with the experi-
mental results. However, these simulation studies have not fully
explained the underlying mechanism of chemical reaction between
conductive substrate and water layer, which has become an important
knowledge gap in further improving the manufacturing capability of
LAO.
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Fig. 1. Schematic views of silicon-water simulation models with water layer thicknesses of (a) 7, (b) 10, (c) 13 and (d) 17 A.

Reactive force field (ReaxFF) MD simulation is an ideal method for
handling chemical reactions within a large number of molecules. It not
only offers irreplaceable advantages in elucidating bonding interaction,
chemical composition and atomic dynamics behaviours, but also saves
the computational cost when using first-principles methods [6,10,11].
This method has been successfully applied in the studies of surface
oxidation [12-20], chemical mechanical polishing [21-26], nanoscale
contact and tribology [27-29]. In the study of nanoelectrode lithog-
raphy, Hasan et al [30,31] used ReaxFF MD simulation to investigate the
bias-induced oxidation mechanism and its dependence on electric field,
humidity, and crystallographic orientation. However, these studies
assumed the oxidation began on a pristine silicon surface. In reality,
upon the exposure to atmospheric humidity, a surface passivation layer
was immediately formed on the surface before the introduction of
electric field. It can be inferred that the existence of surface passivation
layer will affect the subsequent bias-induced oxidation process, but it
remains unclear. Therefore, the influence of the passivation layer on
bias-induced oxidation is currently a significant knowledge gap in the
literature, which requires an in-depth understanding of the phys-
ical-chemical reaction mechanisms of LAO at the atomics scale.

In order to address above-mentioned knowledge gaps, in this work,
the water passivation and subsequent bias-induced oxidation processes
of silicon (100) surface are investigated sequentially through ReaxFF
MD simulations. Firstly, the spontaneous reaction process between sili-
con surfaces and water molecules is simulated without the application of
electric field, thereby forming the passivation oxide on the silicon sur-
face. Further, an electric field is introduced to simulate the subsequent
bias-induced oxidation on the passivated silicon substrate. Based on the
simulation results, the surface passivation and bias-induced oxidation
are deeply investigated through a comprehensive analysis of bonds/
particles number, atomic charge, and their evolution and distribution. In
addition, the dependence of electric field and water layer thickness is
studied, aiming to reveal the parametric effect on bias-induced oxida-
tion process and the influencing mechanism.

2. Methodology

In this work, all simulations were conducted in LAMMPS [32] using
the ReaxFF force field developed by Wen et al [21]. This force field has
been extensively validated in previous studies on water-silicon in-
teractions, chemical mechanical polishing of silicon and tribochemical
wear at Si/SiO, interface in aqueous environment [12,21,33]. The
charge equilibration (QEq) model was used to equilibrate the charge of
simulation model at each time step [34]. To consider the influence of
external electrical field in the simulations, standard LAMMPS code was

modified through adding Coulomb energy in the ReaxFF potential [16].
Numerous studies on LAO have reported that connecting an external
power supply to the nanoscale probe and substrate in close proximity
can generate an enhanced electric field ranging from 1 to 10 V/nm
[35,36]. In this work, we applied electric fields within this range to
examine their effects on oxidation. The initial silicon-water model was
constructed with a silicon (100) substrate with a size of 63.8305 x
63.8305 x 23.895 A and a water layer which has a density of 1 g/cm®
and consists of randomly distributed HyO molecules. Asay and Kim [37]
investigated the surface adsorption of water and established a correla-
tion between the thickness of water layers and relative humidity, as
depicted in Fig. 2 of their study. Specifically, water layer thicknesses at
7,10, 13, and 17 A correspond to relative humidity levels of approxi-
mately 20%, 40%, 70%, and 90%, respectively. Based on this relation-
ship, initial models with varying water layer thicknesses were
constructed as shown in Fig. 1 to qualitatively express reaction models at
different humidity levels. The lattice constant of silicon was set at 5.31
A, which was proven to produce minimum energy in convergence
simulation tests. The configuration of randomly distributed water mol-
ecules was built using PACKMOL [38]. To facilitate the simulation, pe-
riodic boundary conditions were applied to x and y directions and a
shrink-wrapped boundary condition was applied to z direction. To
prevent atom lost, a reflecting wall was introduced on the top of water
layer. The bottom silicon layer was fixed to prevent the overall move-
ment. The temperature was set at 300 K, controlled by NVT ensemble
with a damping constant of 10 fs. A timestep of 0.1 fs was used to
achieve charge and bond order balance during the simulation [39,40].
Verlet algorithm has been adopted to integrate the atom trajectories.
The particle/bond type and number, atomic charge and their distribu-
tions were counted and analysed using self-developed python programs.
The visualisation of simulation results was assisted with OVITO [41].

3. Bias-induced oxidation on passivated Si (100) surface

Due to the existence of boundary dangling bonds, pure silicon surface
has a high reactivity, and therefore a passivation layer is formed as soon
as it contacts with water. The simulation of bias-induced oxidation in
this work consists of two steps to simulate experimental conditions. The
first step is to create the passivation layer by allowing a natural reaction
between silicon and water, while the second step simulates further bias-
induced oxidation by applying an electric field. The first ReaxFF MD
simulation was performed for the model in Fig. 1 (b) for 2000 ps, during
which no electric field was applied during initial 1000 ps, and then an
electric field of 3.5 V/nm was applied from 1000 to 2000 ps.
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Fig. 2. RDF curves for Si-H, Si-O and Si-Si in oxide film formed by surface
passivation.

3.1. Surface passivation

The MD simulation result at 1000 ps is shown in Fig. 3 (a). We can see
that a number of O and H atoms were adsorbed on the silicon surface,
and some O atoms penetrated the silicon substrate, thus forming a
passivated oxide layer. In this work, we define the oxide film as the
region between bottom oxygen atom and the top silicon atom along the z
direction. To reveal the chemical composition and structure of the
passivation layer, the partial radial distribution function (RDF) of oxide
film is plotted and shown in Fig. 2. The peak of Si-H bond length is
located at about 1.37 A, which is close to the value of 1.48 A reported in
Ref [42]. Si-Si bonds have a peak length at 2.35 A and Si-O bonds shows
two peak lengths at 1.58 and 2.25 A, which agree with the experimental
values well [43-46]. After that, several peaks of Si-O appear between 3
and 7 A, indicating amorphous structures within the oxide film.

A combined analysis of simulation results in Fig. 3 (a) and their RDF
in Fig. 2 show that new bonds and particles including Si-O-H, Si-H,
Si-H,, H,0-Si, Si-0-Si (siloxane) and H30™ (hydronium) were created
during the passivation process. The distribution of these bonds/particles
were summed based on the bond lengths in Fig. 2 and plotted in Fig. 3
(b). We can see the passivated silicon surface is a mixture of Si-O-Si,
Si-O-H, Si-H, Si-H, and H,O0-Si bonds, which is consistent with
experimental findings [47-49]. The numbers of these bonds show that
silicon surface is dominated by H-termination (Si-H or Si-Hy bonds),
which is responsible for the surface hydrophobicity observed in exper-
iment [50]. Si-O-Si bonds exist throughout the oxide film and
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determine the oxide depth. In addition, the surface passivation process
created a large amount of H30", which together with remain H,0O form
the resultant water layer.

Fig. 3 (b) shows the distribution of atomic charge H, O and Si atoms
in passivation result. O and Si atoms in the oxide film occupy different
amounts of charge in comparison to these in water and silicon sub-
strates. In the water film and silicon, O and Si atoms show —0.77 and O e,
respectively. However, oxidised silicon shows positive charge, the
maximum value appears at 1.1 e at the silicon-water interface. This in-
dicates the charge transfer between O and Si atoms during the creation
of oxide layer, providing further evidence for the occurrence of an
oxidation process. In addition, O atoms in the oxide film have less charge
than that in water, ranging from —0.71 to —0.42 e, which is due to the
different polarities in Si-O and H-O bonds.

3.2. Bias-induced oxidation

The ReaxFF simulation result at 2000 ps is shown in Fig. 5 (a).
Apparently, more O atoms penetrated the silicon surface, resulting in an
increased oxide thickness. Similarly, the RDF of oxide film is plotted in
Fig. 4 and the bonds/particles distribution in oxide film is plotted in
Fig. 5 (b). Through the comparison with passivation results in Fig. 2 and
Fig. 3 (b), we can see good similarities in both RDF of oxide film and
bonds/particles distribution at the oxidised silicon surface. These
demonstrate the application of electric field did not apparently modify
the chemical structures within oxide film and surface composition,
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Fig. 4. RDF curves for Si-H, Si-O and Si-Si in oxide film formed by bias-
induced oxidation.
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Fig. 3. Simulation results for surface passivation. (a) Side view. (b) Distribution of bond/particle numbers and atomic charges along 2z axis, in which shaded regions
coloured with wheat, grey and cyan represent silicon, oxide layer and water, respectively. The horizontal dashed line indicates the first atom layer in the initial
model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Bias-induced oxidation result. (a) Side view. (b) Distribution of bond/particle numbers and atomic charges along 2 axis, in which shaded regions coloured
with wheat, grey and cyan represent silicon, oxide layer and water, respectively. The horizontal dashed line represents the first atomic layer in the initial model. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Time evolution of oxide thickness and bond/particle number during the reaction between silicon (100) substrate and 10 A thick layer of water.

while led to the generation of more Si-O-Si bonds under the oxide
surface and increased the oxide thickness. Additionally, Si-O-Si bonds
are found to be mostly concentrated near the surface and their number
gradually decreases layer by layer throughout the oxide film. The atomic
charge distribution in Fig. 5 (b) shows that the application of electric
field increased the degree of oxidation on silicon substrate, evidenced by
more electropositive Si atoms in the results. Despite the increased O
atoms near the surface, a number of Si atoms within the oxide layer
remain unoxidized, as indicated by the Si atoms with nearly 0 charge in
Fig. 5 (b). This clearly indicates a mixture of Si and SiO, within the oxide
film. Overall, the oxide film is found with a complex chemical structure
consisting of amorphous SiO,, adsorbed water, silicon and silicon hy-
drates, which is consistent with previous simulations and experimental
results [12,51].

3.3. Reaction process

To reveal the in-process details during surface passivation and bias-
induced oxidation, the evolution of the number of bonds/particles and
oxide thickness is depicted in Fig. 6, which were counted based on dump
files created every 10 ps. In passivation stage, water was consumed and
turned into oxide, represented by reduced number of H,0 and increased
numbers of Si-O-H and Si—O-Si bonds. In addition, hydrogen atoms
from water decomposition either attached to surface silicon atoms and
form Si-H/Si-H, bonds or combined with water molecules and form
H30™". The evolution curves show that water reacted with silicon rapidly
at the beginning of the simulation. A majority of Si-O-H, Si-H, Si-H,
and Hy0-Si were created in the first 40 ps and maintained at almost
constant amounts in the following reaction up to 1000 ps. From 40 to
1000 ps, the oxide thickness increased from 4 to 5.1 A. Simultaneously,
there was a gradual consumption of Hy0, leading to the formation of
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Fig. 7. Bar chart showing the bond/particle number of Si-O-Si, Si-O-H,
H,0-Si, H,0 and H30" of simulation result at 2000 ps. The bars are colour-
coded to represent O atoms in each bond/particle type at 1000 ps.

more Si—O-Si bonds and H3O™", but at a relatively slow rate.

In bias-induced oxidation stage, an electric field of 3.5 V/nm was
applied during 1000-2000 ps. The evolution curves in Fig. 6 show the
amounts of Si-O-H, Si-H, Si-H, and H,0-Si have not changed signifi-
cantly, which further demonstrates that the action of electric field did
not apparently modify the surface composition. However, from 1000 to
2000 ps, the oxide thickness increased from 5.1 to 8.2 A, the number of
H,0 decreased by 472, and the numbers of Si-O-Si and H30" increased
by 149 and 282. The number changes of H,0, Si—O-Si and H30 " roughly
follow 3: 1: 2. Since the numbers of other bonds/particles do not vary
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Fig. 8. Sides views of simulation results with the application of electric fields with strength ranging from 0 to 7 V/nm.
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Fig. 9. (a) The number of particles/bonds and oxide thickness of simulation results at different electric fields. Evolution of (b) oxide thickness and the number of (c)
Si—O-Si bonds and (d) H,O at electric fields with strength ranging from 0 to 7 V/nm.

significantly during the simulation, this suggests the bias-induced
oxidation mainly induces the following reaction:

bias

(Si — Si) + 3H,0 22 (Si — O — Si)*™ +2H,0* @

To uncover the reaction process, we tracked all the O atoms in
Si—0O-Si, Si-O-H, Hy0-Si and H,0/H30™ at 2000 ps and summarised the
bonds/particles they belong to at 1000 ps, the results of which are
shown in Fig. 7. O atoms in Si-O-Si may come from all the bonds/
particles that have O atoms. The number of Si-O-Si bonds at 1000 ps
(see Fig. 6) indicates all the O atoms in Si-O-Si bonds at 1000 ps remains
within the Si-O-Si bonds in the bias-induced oxidation process. In
addition, O atoms in Si—-O-H only come from Si-O-H, H,0-Si and H,0/
H30%; and O atoms in H,0-Si only come from Hy0-Si and H,0/H30™.
On the basis of above findings, it appears that Si-O-H and H,0-Si act as
intermediate products at the surface during the bias-induced oxidation.

Specifically, three reactions during the bias-induced oxidation were
demonstrated. First, HyO adsorbs to the silicon surface, forming an
H,0-Si bond. Next, the Ho0-Si bond dissolves into Si-O-H bond. Then,
Si—O-H reacts with one of the surrounding Si atoms to form a Si-O-Si
bond. However, we did not observe any O atoms moving from Si-O-Si to
Si-O-H and then to Hy0-Si, indicating that the reaction cannot proceed
in the reverse direction.

4. Parametric study
4.1. Effect of the electric field

The dependence of different electric fields on bias-induced oxidation
was examined through eight groups of simulations. Each group utilised

the same initial model with a passivated layer depicted in Fig. 3 (a) but
applied different electric fields with varying strengths ranging from 0 to
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7 V/nm. Group 1 did not apply an electric field to demonstrate the effect
of ongoing surface passivation. After simulating the bias-induced
oxidation for 1000 ps, the results in all groups are shown in Fig. 8.
These results indicate a noticeable increase in the penetration of O atoms
into the silicon substrate as the electric field strength increases.

Fig. 9 (a) illustrates the number of bonds/particles and oxide thick-
ness in simulation results to determine the influence of different electric
fields on the chemical composition. The numbers of surface bonds
including Si-O-H, HyO-Si, Si-H and Si-Hj are not drastically affected by
different electric fields; while the consumption of HyO and the creation
of Si-0O-Si and H30™ are enhanced as electric field increases from 0 to 5
V/nm. The number changes of H,0, Si-O-Si and H30" during each
simulation group also approximately follow 3: 1: 2. This further dem-
onstrates the reaction (1) dominates the bias-induced oxidation.

The evolution curves depicted in Fig. 9 (c) and (d) suggest that the

Applied Surface Science 626 (2023) 157253

rate of reaction (1) increases with increased electric field strength, as the
enhanced electric field clearly accelerates the production rate of Si-O-Si
bonds and consumption rate of HyO, particularly in the first 100 ps. In
addition, the reaction rate was found to be correlated with the amount of
H50 in the water layer, as indicated by the reduced generation rate of
Si-O-Si with a decrease in the amount of HyO remaining in the water
layer. According to the simulation results shown in Fig. 9 (a), the
numbers of Si-O-Si bonds in simulation results reached approximately
430 at electric fields higher than 5 V/nm and did not increase further.
This indicates that the reaction ceased when the HyO in reaction system
was depleted. In the actual LAO experiments, water depletion should be
more difficult to occur than in the simulation with limited length scales.
This is due to the presence of the water layer on both the tool and
substrate surfaces in the atmospheric humidity, which allows for the
continuous diffusion of water molecules to replenish any depletion
during the LAO process. As a result, the oxidation can continue, with its
reaction rate and duration determined by the diffusion rate of water
[52].

Fig. 9 (a) indicates that the oxide thickness of the simulation results
increases in a linear-like fashion with respect to the electric field
strength and Fig. 9 (b) demonstrates that the oxide thickness increases
layer by layer during the progression in each group of simulation. Both
findings are consistent with results in previous experimental and simu-
lation research [31,53,54]. As the strength of electric field exceeds 5 V/
nm, the oxide thickness increases by one layer of silicon atoms even in
the absence of an increase in the number of Si-O-Si bonds. Fig. 10 de-
picts the evolution of z positions of selected O atoms in Fig. 8 (h). Be-
tween 300 and 1000 ps, no additional Si-O-Si bonds were created (as
shown in Fig. 9 (c)), but the existing negatively charged O atoms in
Si-O-Si were found to diffuse into the silicon substrate in response to the
electric field. This indicates that electric field induced directional
movement of O atoms can contribute to the oxidation growth, which,
together with reaction (1) constitutes the oxidation growth mechanism
in bias-induced oxidation process.

4.2. Effect of the humidity

As different humidity levels lead to different adsorbed water layer
thicknesses, the dependence of humidity on bias-induced oxidation can
be examined by simulating the models shown in Fig. 1 (a-d). Similar to
the simulation settings in Section 3, electric field was only applied from
1000 to 2000 ps. Fig. 11 shows the simulation results at 2000 ps, which
shows the increasing penetration of O atoms into the silicon substrate as
humidity increases.

Fig. 12 (a) and (b) plot the bonds/particles number and oxide
thickness of surface passivation and bias-induced oxidation results at the
different humidity levels. The number of bonds that only exist at the
surface does not appear to be affected by water layer thicknesses in both
passivation and bias-induced oxidation results. However, the numbers of
Si-O-Si bonds in both simulation results increase with an increasing
water layer thickness, and the increase is more pronounced in the bias-
induced oxidation results. As the water layer thickness increases from 7
to 17 A (relative humidity approximately from 20% to 90%), the number
of Si-O-Si bonds increases from 287 to 665 and the oxide thickness
increases from 8.24 to 12.27 A. These results show that a higher hu-
midity can enhance the degree of oxidation for bias-induced oxidation

Fig. 11. Sides views of simulation results of bias-induced oxidation on passivated silicon surface at the humidity levels of 20%, 40%, 70% and 90%.
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Fig. 12. The number of bonds/particles and oxide thickness of (a) passivation results and (b) bias-induced oxidation results at different humidity levels. Time
evolution of (c) the number of Si-O-Si bonds and (d) oxide thickness during passivation and bias-induced oxidation at different humidity levels.

process, which aligns with and may provide a reaction-based interpre-
tation of experimental observations [55]. Fig. 12 (c) and (d) show the
evolution of the number of Si—-O-Si bonds and oxide thickness, which
apparently display an enhanced oxidation rate at increased water layer
thicknesses. The influencing mechanism should then be related to the
increased number of HoO within the water layer, which facilitates the
happening of reaction (1).

5. Conclusions

In the paper, ReaxFF MD simulations were performed to study the
initial passivation and subsequent bias-induced oxidation on Si (100)
surface, in order to gain an atomistic insight into the reaction mecha-
nism of the LAO process. During the bias-induced oxidation, the appli-
cation of an electric field facilitates a series of reactions, where O atoms
can move from water layer (H20/H30™) to oxide surface (H,O-Si and
Si-O-H), and then deep in the oxide film (Si-O-Si). The numbers of
intermediate products (H20-Si and Si-O-H), Si-H and Si-H, bonds on
the surface were not apparently altered during the bias-induced oxida-
tion. Overall, the bias-induced oxidation mainly consumed H0O within
the water layer and resulted in the formation of Si~O-Si bonds beneath
the oxide surface. The parametric study further demonstrated that the
main reaction in bias-induced oxidation can be notably enhanced with
the increase of the strength of the electric field and the amount of HyO in
water layer. These results provide an atomistic understanding on the
physical-chemical reaction mechanism in LAO, which is useful to
develop novel process-control strategy to enable the patterning at the
sub-10 nm scale and even atomic scale.
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