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Abstract:

The nanoelectrode lithography has been strengthened in recent years as one of the most
promising methods due to its high reproducibility, low cost and ability to manufacture nano-
sized structures. In this work, the mechanism and the parametric influence in nanoelectrode
lithography have been studied qualitatively in atomic scale using ReaxFF MD simulation.
This approach was originally developed by van Duin and co-workers to investigate
hydrocarbon chemistry. We have investigated the water adsorption and dissociation processes
on Si (100) surface as well as the characteristics (structure, chemical composition,
morphology, charge distribution, etc.) of the oxide growth. The simulation results show two
forms of adsorption of water molecules: molecular adsorption and dissociative adsorption.
After breaking the adsorbed hydroxyls, the oxygen atoms insert into the substrate to form the
Si—O-Si bonds so as to make the surface oxidized. The influence of the electric field
intensity (1.5 — 7 VV/nm) and the relative humidity (20 — 90%) on the oxidation process have
also been discussed. Nevertheless, the results obtained from the simulations have been
compared qualitatively with the experimental results and they show in good agreements.
Variable charge molecular dynamics allowed us to characterize the nanoelectrode lithography

process from an atomistic point of view.
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1. Introduction

Local oxidation-based nanolithography techniques have attracted a great deal of attention,
since the first report of silicon oxidation by using a scanning tunneling microscope (STM) as
a lithography tool by Dagata et al. [1]. Many groups have tried a number of studies to
understand the physical and chemical phenomena involved in the process. Sugimura and his

collaborators [2][3] reported that the oxides produced with the STM were the result of an



electrochemical reaction in which the water absorbed at the tip of the microscope and on the
surface of the sample. During the last decades, atomic force microscope (AFM) based local
oxidation was used as an efficient lithographic technique which was capable of
manufacturing nanometer-sized devices on the various surfaces [4][5][6][7]. Recently, a great
number of studies have been carried out that paved the way for the development and
expansion of local oxidation approaches to modify surfaces [8][9][10][11][12]. However,
AFM based method is not suitable for large area fabrication due to its limitation in processing
speed. To overcome this limitation some groups proposed and demonstrated a method which
includes a conductive stamp with multiple protrusions as the cathode electrode instead of
AFM/STM tip [13][14][15]. It is showed that local oxidation can be effectively used with
these stamps brought into intimate contact with different substrates: silicon [16][17][18],
GaAs [19][20] and pentacene layers [21]. This method is known as Parallel local oxidation
nanolithography or Nanoelectrode lithography (NEL).

The NEL process consists of some physical and chemical processes such as condensation,
electric field effects, ionic transport, water dissociation, and oxidation. The principle of NEL
process is illustrated in Figure 1. Under humid environment, a significant amount of water
molecules is adsorbed on both stamp and sample surfaces. When the protrusive parts of the
stamp are in contact with the substrate, the vicinity of both surfaces can trigger spontaneous
capillary condensation and a water meniscus will be formed between them [22] and a current
flows into the water meniscus. The strong electric flux from the protrusive parts of the stamp
to the substrate results in the decomposition of water molecules into oxyanions (OH™, O") and
protons (H*). These ions penetrate the substrate to form an oxide film on the surface.
Subsequently, the substrate is etched to achieve nanostructures like other methods.
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Figure 1. Diagram of the NEL process. (a) A thin layer of water adsorbed on top of the
surfaces. (b) An electric field is applied between the two surfaces. (c) The water meniscus
induces the formation of oxides on the substrate surface through the process of anodic
oxidation.



Simulations were performed by using different methods to obtain an in-depth understanding
of the oxidation process and microstructure evolution [23][24][25]. Simulation on the
formation of a water bridge induced by an electric field described a molecular explanation for
the threshold voltage and hysteresis behavior observed in the formation of nanoscale liquid
bridges [26]. Christopher D. Daub et al. explained the sensitivity of water droplet contact
angles to the applied electric field polarity and direction relative to the liquid/solid interface
by using MD simulation [27]. Despite several simulation efforts on exploring the effect of
electric field on water bridge formation and the oxidation mechanism, the process has not
been fully investigated in molecular level. After the development of a new reactive force field
(ReaxFF) by the group of Adri van Duin [28], it is possible to study the reactivity of materials
by using a ReaxFF MD simulation via a sophisticated bond-order potential. In recent years,
ReaxFF MD simulations have been utilized to investigate the thermal oxidation of Si surfaces
including nano-oxidation [29][30][31], initial stage oxidation [32][33][34] and dry-oxidation
[35]. Among these works, the oxidation processes were systematically studied, as well as the

temperature effect, orientation effect, interfacial interaction and stress evolution.

In the present work, ReaxFF MD simulations have been employed to investigate the NEL
process. We studied the oxidation mechanism of Si (100) substrate under an applied electric
field in humid air at room temperature. The Si (100) substrates have been a good model to
demonstrate some of the fundamental aspects that are involved in the oxidation process. We
have assessed the structural and morphological features related to the growth of the oxide
film. Several experimental parameters influence the NEL process. Applied voltage, exposure
time and relative humidity (RH), are the important kinetic factors in oxidation reactions. We
have investigated the effect of these parameters on oxide growth. The next sections of this
paper are organized as follows. In section 2 the computational details and the setup of the
system is described. Section 3 presents the molecular dynamics simulation results and
discussions which includes the oxidation mechanism as well as the influence of electric field
intensity and the humidity on the oxidation process. Finally, in section 4 conclusions are

summarized.

2. Computational details

The force field parameters used in this study were developed by Jialin Wen et al. [36] based
on the combination of the Si/Ge/H force field [37] with the water force field [38]. These
parameters have been validated and used to investigate the interaction of silicon with water

and tribochemical wear mechanism of silicon which showed good agreement with the



experimental results [36][31]. The charge equilibration (QEq) model as described in [39][40]
has been used in conjunction with the ReaxFF force field to equilibrate charge of the system
at each time step. All the simulations have been conducted by the “Large-scale
Atomic/Molecular Massively Parallel Simulator” (LAMMPS) code [41] with a modification
done by O. Assowe et al. [42]. To introduce the electric field, they modified the Coulomb
energy term in the ReaxFF potential by using the formula proposed by Chen and Martinez
[43]. The electrostatic energy was modified to consider electronegativity differences and
charge conservation. To construct the model, we consider a silicon substrate of 1500 atoms
with the size of 38.4009 A x 38.4009 A x 18.42 A. A 10-A-thick water layer (490
molecules), which corresponds to a relative humidity of ~90% [44], is placed on top of the Si
substrate. We have introduced a reflecting wall to confine water molecules on the top of the
substrate. We have applied an external electrical field between the Si substrate and the

reflecting wall in order to mimic the presence of a conductive stamp on the top of the surface.

The size of the simulation model box is 38.4009 x 38.4009 x 34.2537 A3, Periodic boundary
conditions have been applied along both x and y directions, and shrink-wrapped boundary
condition has been applied along the z-direction. The side view of the simulation model is
shown in Figure 2. Atoms with orange color represent the silicon. Red and white atoms are
Oxygen and Hydrogen, respectively. We have relaxed the silicon substrate to stable the
configuration at room temperature (300 K) using NVE ensemble with the Berendsen
thermostat for 50 picoseconds with a damping constant of 25 femtoseconds. All other
simulations have used NVT ensemble with the Nose-Hoover heat bath at a time step of 0.1
femtoseconds and the temperature has been controlled to be 300 K with a damping constant
of 10 femtoseconds. Verlet algorithm has been adopted to integrate the atom trajectories.
Snapshot pictures have been produced using OVITO [45].
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Figure 2. Simulation model

3. Results and Discussions
3.1 Analysis of the oxidation process

We have applied an electric field of 2 VV/nm between the reflecting wall and the substrate to
understand the oxidation mechanism as the minimum electrical field required to polarize and
pull the water molecules adsorbed on the surface towards the stamp is ~1.3 VV/nm [46]. Figure
3 shows the snapshot details at the end of the simulation (400 ps) at 300 K. We have
observed the adsorption and the dissociation of water on the Si surfaces as well as the

formation of an oxide film.
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Figure 3. Side view and top view of the system after 400 ps of simulation
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Figure 4. The interaction between H>O and Si (100) substrate surface. (a) Three water
molecules in which one water molecule (numbered 1) adsorbed on the Si substrate surface.
(b) Dissociation of water and the formation of Si—OH and H3zO". (c) Proton transfer process

between two adjacent water molecules.

(a) 0.1 ps (b) 0.2 ps (¢) 1.1 ps

Figure 5. (a) Two water molecules on the Si substrate surface. (b) Formation of Si—H and
Si—OH. (¢) Bond breaking of S—OH to form Si—O—Si and HzO" formation.
To explain the oxidation process we visualize only a few water molecules on the silicon
surface in Figure 4 and 5. After 0.5 picoseconds, the water molecule (numbered 1) is
adsorbed on the silicon surface shown in Figure 4(a). Then the water molecule is dissociated
into ions (OH™ and H*) to form a Si—-OH bond and the proton (H") goes to a nearby water
molecule (numbered 2) to form hydronium, HzO" (Figure 4b). The average charge of OH™
and H3zO" are observed as —0.237 e and +0.285 e, respectively. Subsequently, there is a
breaking of Si—OH bond and the oxygen atom has occupied the space between the silicon
atoms that leads to the formation of Si—O-Si bond (Figure 4c). Again, the proton is
transferred from the second water molecule to the third one, as shown in Figure 4(d). We
have observed an increase in the average charge of surface silicon atoms while the chemical



reactions. For an arbitrary silicon atom, the charge is +0.125 e at 0.5 picoseconds where it

increases to +0.237 e just after bond breaking with an OH™at 0.6 picoseconds.

However, it is also observed that the water molecule can dissociate directly which forms Si—
H and Si—OH bonds as demonstrated in Figure 5a, b. After a period (at 1.1 ps), the hydroxyl
of Si—-OH decomposes into oxygen and hydrogen atom and the oxygen atom combines with
silicon atoms to form Si—O-Si bond (Figure 5c). Here we also notice H3O" formation. The
above-explained oxidation processes were also previously observed experimentally for
thermal oxidation of silicon (100) surface [47][48]. This oxidation process is being repeated
itself over time that develop an oxide film on the silicon surface. Figure 6 depicts the
evolution of the thickness of the oxide film throughout the simulation which displays the
several layers of oxide height. The oxide growth experiences a rapid surge at the very
beginning and reaches to more than 2 A within 2 picoseconds. Then the oxide height shows a
steady but significant increase over the period until a quick rise at 13 picoseconds to reach the
first significant layer (~4.8 A). We have calculated the Si/O stoichiometry of 4.45 at 11
picoseconds. Then it decreases gradually to 2.54 at 15 picoseconds which meaning the more
filling of oxygen atoms in this layer. After that, the oxidation process seems to be slowed
down. The reason for the slowness is the accumulation of ionic charges of oxides after its
creation that effects the charge diffusion in the water meniscus [49]. This layer continues
with a little fluctuation in oxide height until 315 picoseconds then there is an abrupt
escalation to reach the next layer (~6 A). We also find the same decreasing behavior of the
Si/O stoichiometry in this layer with a higher value than that of the previous layer. The oxide

growth continues with the presence of electric field.
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Figure 6. Evolution of oxide film for an electric field of 2 VV/nm.
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Figure 7. Evolution of chemical compositions for an electric field of 2 V/nm.

The number of chemical compositions developed during simulations is shown in Figure 7. It
has been seen that the number of water molecules decreases over time while the number of
ions (OH™, H30", O, H") increases which is obvious as the water molecules dissociate into
ions (Figure 4 and 5). There is a rapid increase of the ions at the beginning of the simulation
which represents the quick oxide growth explained in Figure 6. After 11 picoseconds the
amount of OH™ starts to decrease gradually over time. The OH™ combines with the silicon
surface and then releases proton which eventually facilitates the formation of the oxide film.
The proton recombines with the water molecules that gradually increases the number of HsO*

over time. After 20 picoseconds the oxidation process continues with a slow oxidation rate.

The partial radial distribution functions (RDF) is used to characterize the structure of the
formed oxide film. Figure 8 shows the partial RDFs for the total oxide film with an inset with
the RDFs for the central part of the oxide film at the end of the simulation. For the mean Si—
O bond length, the position of the first peak is found at 1.575 A which is very close to the
experimental values of ~1.61 A [50][51][52]. After the first peak, several plateau-shaped
revealing non-defined orders are observed. Therefore, it indicates that the oxide film has an
amorphous structure. The Si—Si distances and the nearest-neighbor O—O are observed to be

2.325 A and 2.675 A, respectively. These values are quite close to the experimental results:



2.35 A for Si-Si distance and 2.65 A for the nearest-neighbor O-O [53]. A second peak for
the Si-Si partial RDF appears at 3.825 A which also agrees with the simulation results [54].
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Figure 9. Oxygen atoms distributions below Si surface at 400 ps. Z is the depth below the
surface and its origin is taken as the initial surface position
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Figure 10. Distribution of atomic charges after 400 ps

We have also studied the oxygen distribution in the oxide film along z-direction which is
shown in Figure 9. The number of O atoms is summed every 0.4 A sized bin. The zero
position of Z refers to the initial surface position. The maximum number of oxygen atoms is
found at a depth of 1.6 A. The density of the oxygen shows less in the deeper positions of the
oxide film. The atomic charge distribution at the end of the simulation is shown in Figure 10.
The charge of the silicon atoms outside the oxide film fluctuates slightly around 0 e while the
oxygen atoms and the hydrogen atoms have a charge of fluctuating around -0.80 e and +0.30
e respectively. These charges are very close to the charges obtained for the bulk of water. It is
observed that the charge of the oxidized silicon atoms increases from the bottom part to the
upper part of the oxide film and the maximum charge is found ~+0.77 e at around 22.5 A.
The same behavior is observed for the charge distribution of oxygen in the oxide film. Its
charge decreases from the upper part to the bottom part of the oxide film until it reaches its
minimum value of ~-0.41 e at around 17 A. Therefore, it can be said that there is a charge

transfer between the silicon atoms and the oxygen atoms in the oxide zone.

3.2 Effect of the Electric Field

The dependence of the oxide height as a function of the oxidation time for different values of
the electric field is presented in Figure 11. We have varied the electric field from 1.5 V/nm to
7 VInm. All the curves show similar characteristics as explained in section 3.1. We observe a
fast growth of the oxide film at the very beginning then it slows down. We notice that

increasing the field intensity sped up the process and the kinetics of the reaction. The oxide



height grows layer by layer fashion. We also find the linear dependency of the oxide
thickness with the electric field intensity (Figure 12). This result agrees with the observations
of Montserrat Calleja et al. [55], which shows that the thickness of the oxide layer on silicon
(100) surface increases linearly with the electric field.
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Figure 11. Evolution of oxide film thickness for various electric field intensities.
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Figure 12. The thickness of the oxide film as a function of the electric field.
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Figure 13. Evolution of the chemical compositions over time for the different electric fields.
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The progression of the H>O, H3O", OH", and H*) over time for the various electric fields is
presented in Figure 13. We notice that more water molecules are dissociated when the
electric field is higher. The same feature is observed for the formation of H3O". Increasing
the electric field, it promotes the formation of HsO" from protons and H-O. It is also found
that for the higher electric field (7 V/nm), the number of OH™ is generated even more.
Interestingly, there is a small rise in OH™ number at 3 VV/nm than that of 5 VV/nm after around
175 ps. For the case of H" generation, it shows the opposite trend, i.e higher values of H* for
the lower electric field (3 V/nm). Again, it is found that the H+ values increases slightly for 3
V/nm than that of 5 V/nm after around 25 ps. We also observe that the number of oxygen
atoms present in the oxide film follows an identical trend for all the electric fields (Figure
14).

3.3 Effect of the Relative Humidity (RH)

The thickness of the water layer adsorbed on the surface depends on the relative humidity
(RH). M. Luna et al. studied the effect of the relative humidity on the thickness of the
adsorbed water and established a relationship between them [44]. They found that the
thickness of the adsorbed water layer increases with the relative humidity and the increment
is higher for the larger RH values. Considering the formulation given by them (Figure 2 in
ref. 44), we have constructed the simulation models with different water layers covered by
the silicon substrate. Then we have investigated the oxide growth with respect to the relative
humidity during the oxidation process. By applying an electric field of 0.5 V/A for a time of
400 picoseconds, Figure 15 represents the height of the oxides with respect to the different
relative humidity (20% to 90%).

The oxidation occurs in various humid environments and the RH values influence the height
of the oxide film. Figure 16 shows two different characteristics of oxide growth for various
RH values. In the range 20-40% RH, there is no significant changes in oxide height. This is
because the amount of adsorbed water on the surface does not vary much for the lower values
of RH. Beyond 40% RH, a linear characteristic of the oxide growth with the relative humidity
is observed. The height of the oxide film rises from 2.8333 to 9.3503 A on varying the RH
(40% to 90%) with a growth factor of 0.13 A/%. The same behavior was experimentally
observed by Cristiano Albonetti et al. [17].
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10
=

—~ 9
<, -
£ .
= 7
(D)
S 6 =
X
© 5
£ . .
S
= 3 = = =
2 2
[¢B)
T

0

0 20 40 60 80 100
RH (%)
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4. Conclusions

The ReaxFF MD simulation results reliably explain the oxidation process of silicon (100)
with an applied electric field, which is the main mechanism of nanoelectrode lithography. We
have observed the adsorption of the water molecules on the Si surfaces and their dissociation
into OH™ and H3O™ at the first stage of the process. Again, the OH groups are adsorbed on the
Si surfaces and then dissociate to release the O atoms which form the Si—O-Si bonds, making
the surfaces oxidized. Higher oxidation rate is found at the very beginning and the rate slows
down over the period. The accumulation of oxygen atoms in the oxide film is found in layer



by layer fashion. The number of the oxygen atoms is observed less in the deeper positions of
the oxide film and the RDF analysis suggests the oxide film as an amorphous structure. The
charge distribution of the atoms has been analyzed. The charge transfers between the silicon
atoms and the oxygen atoms in the oxide zone are identified. However, it is observed that
there is a linear dependency of the oxide thickness with the intensity of the electric field. The
higher electric field can make the surface more oxidized. Similar characteristic is also
observed for the higher RH values. These results are in good agreement with the

experimental observations.
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