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ABSTRACT: We report on the chemical synthesis of the arrays of silicon oxide nanodots
and their self-organization on the surface via physical processes triggered by surface
charges. The method based on chemically active oxygen plasma leads to the rearrangement
of nanostructures and eventually to the formation of groups of nanodots. This behavior is
explained in terms of the effect of electric field on the kinetics of surface processes. The
direct measurements of the electric charges on the surface demonstrate that the charge
correlates with the density and arrangement of nanodots within the array. Extensive
numerical simulations support the proposed mechanism and prove a critical role of the
electric charges in the self-organization. This simple and environment-friendly self-guided
process could be used in the chemical synthesis of large arrays of nanodots on
semiconducting surfaces for a variety of applications in catalysis, energy conversion and
storage, photochemistry, environmental and biosensing, and several others.
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Arranged and controlled patterns of low-dimensional
nanostructures on semiconducting surfaces have recently
been a subject of intense research efforts due to their unique
size-dependent properties.'* Large arrays of self-organized
nanodots (NDs) are of particular interest, along with the arrays
of highly ordered and densely packed silicon oxide NDs;>°
however, it is very challenging to identify and control the most
effective driving forces for the ND self-organization. Electric
forces have long been pursued as highly promising and easy-to-
control driving forces for the arrangement of NDs on the
surface.” Despite decades of intense experimental®® and
theoretical'® studies, this control still remains elusive. Here
we solve this problem by using chemically active low-
temperature plasma, which ensures the chemical synthesis of
NDs on surface and simultaneously guides the ND self-
organization via physical processes triggered by surface charges.
We demonstrate the effectiveness of this approach for silicon
oxide NDs on silicon, one of the most commonly used ND
systems.

The ordered arrays of silicon oxide (SiO,) NDs chemically
synthesized directly on the surface are of a special interest due
to their importance for various applications such as
biosensing,'" photochemistry,'” biomedical applications,"* and
others.'* In these applications, the surface density and ordering
of the NDs on a substrate surface are the key parameters, which
determine performance of the devices.'>'® Besides, the use of
the silica ND arrays as a catalyst pattern for growing ordered
forests of vertically aligned carbon nanotubes requires a very
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high level of process controllability.'” High-temperature silicon
oxidation in atmospheric-pressure oxygen-enriched environ-
ment results in SiO, NDs with many structural defects, which
are not tolerated in the electronic and photonic devices.
Moreover, thermal oxidation is not effective in controlling ND
size distribution, surface density, and ordering on the surface.
Other possible methods such as nanosphere lithography and
liquid-phase deposition are very expensive and difficult to
control.'® The Stranski—Krastanow growth is also a very
complex process with a very low controllability.'® Recently, it
was demonstrated that inductively coupled radio frequency
(ICRF) plasmas are very effective for the self-organized
synthesis of SiO, NDs at very low (not exceeding 100 °C)
temperatures, thus ensuring fabrication of the defect-free
silicon—silica interfaces.”® The plasma-based methods of silicon
oxidation and synthesizing SiO, ND patterns offer a promise
for better controllability, mainly due to the effects of the electric
charges and fields at the plasma-surface interface. Although the
idea of controlling self-organization of the ND array formation
by surface charges on the surface was proposed, there has been
no convincing experimental demonstration and numerical
modeling that can explain these phenomena.*' >

In our previous work, we have reported on the kinetic of
SiO, NDs formation on the plasma-exposed surfaces. In this
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work, we demonstrate that the electric field-induced effects, and
specifically the electric charges on the surface, control self-
organization of large patterns of SiO, NDs chemically
synthesized on a Si surface. Specifically, we show that the
number of NDs on the surface as well as their density strongly
correlate with the electric charges accumulated on the substrate.
Hence, the discharge parameters such as RF power, electron
energy, and plasma density, which directly influence the surface
charges via the balance of electron and ion fluxes, can be used
to control the most important characteristics of the SiO, ND
array. Therefore, controlling the surface charge (potential) via
the plasma parameters may be a viable method for structuring
self-organized ND arrays.

Figure 1 shows the results of the AFM measurements of
several samples with the arrays of SiO, NDs formed in 15, 25,
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Figure 1. (a—d) Typical AFM images of SiO, nanodots synthesized on
a Si surface in chemically active oxygen plasmas for 1S5, 25, 240, and
900 s, respectively. The surface density of the nanodots increases with
time, and the highest nanodot density was found for the 25 s process.
(See Figure 2 for the time dependence of the nanodot number.) At
900 s, a continuous film was formed.

240, and 900 s. (See also Figure S1 in the Supporting
Information.) These images show that the highest ND density
was reached at 20—25 s into the process. Afterward, the surface
density of the NDs continuously decreased, eventually resulting
in the formation of a continuous film with the thickness
reaching ~50 nm, that is, equal to the height of NDs at the
moment of the layer formation. Figure 2a,b shows the ND array
characteristics calculated by the data obtained from AFM
characterization. From these graphs, one can see that initially
the number of NDs increases but then drops down abruptly by
a factor of 20 after 20—25 s into the process. All of these
parameters experience a strong jump by a factor of ~10.
Besides, it can be noticed that the ND height decreases strongly
after 70—100 s.

The results of the surface electric potential measurements are
shown in Figure 2c. After switching on the RF discharge, the
potential of the sample surface immediately jumps up to 20 V
and then increases further to 40 V. After that, it starts
decreasing. (Note that the discharge is still on and the discharge
power was not changed during the process, that is, during 1000
s.) After 250 s into the process, the electric charge drops to
nearly zero. Note that the number of NDs on the surface as
well as the sizes of NDs do not change after 50—100 s. A strong
correlation with the graphs shown in Figure 2ab can be
noticed, with the maximum surface potential detected at 25 s
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after the start of the process, that is, at the time point when the
highest surface density of the NDs was registered.

One more interesting observation is the grouping of the
NDs. As it was noticed, the initially uniform distribution of the
NDs on the surface was disturbed after 50—100 s, and the dots
started to form linear and area groups, that is, lines and clusters
of NDs. (These measurements were made mainly using SEM
images due to low resolution of the lateral AFM measure-
ments.) To characterize the area grouping, we have plotted a
graph of scattering of the distances between the NDs. To
generate this graph, we measured the distances between all
NDs on the surface and then plotted the number of distances in
some “distance slot” versus the mean distance of this slot. For
example, setting a slot of 0.2 ym would give 25 slots for a S um
substrate size, with the mean slot distances being of 0.1, 0.3,
and 0.5 ym and so on. The graph is shown in Figure 2d. It is
clear that if all NDs are distributed uniformly, then the graph
would show a peak at the half of the substrate size, that is, 2.5
um in this case. If there is any grouping with some
characteristic size, then the graph will also show a peak at
that size. From this Figure, one can clearly see that the graph
shows the presence of groups of NDs with the mean size 0.25
um (the first peak at 0.25 ym). The examples (SEM and AFM
images) are shown in Figure 2e,f (area grouping) and Figure 2g
(line grouping). In contrast with the line grouping, which is
clearly visible in Figure 2g, the area grouping is not so clear.
This is why we have used a dedicated data postprocessing to
examine the area grouping of the NDs on the surface.

Now an interpretation and discussion of the results will be
presented. As previously mentioned, the most interesting
observations are: (i) a strong correlation between the
dependence of the number of NDs on time and the
dependence of the surface potential on time (charge/density
correlation) and (ii) plasma-specific area and line grouping of
the NDs. Therefore, we will start from considering the most
remarkable trends of the process and eventually will try to find
a plausible mechanism to explain the charge/density correlation
and ND grouping during the chemical synthesis of the NDs on
the plasma-exposed charged surface.

The separate stages of this process are illustrated on Figure
S2 in the Supporting Information. At the beginning of the
process, a flux of the reactive oxygen species (atoms, molecules,
and ions) onto the silicon surface causes the initial nucleation
of the NDs. The initial nucleation most likely proceeds on the
nanohillocks, that is, small (not exceeding several nanometers)
humps present on the nontreated silicon surface.”” The number
of NDs increases due to the progressive increase in the number
of oxidized nanohillocks, and eventually, the surface density of
the NDs reaches the maximum at 25 s. After that, the number
of NDs cannot increase due to the absence of the available
nucleation sites, and the NDs grow in size, increasing their
height and volume. When the interdot distance becomes small,
coalescence starts, and hence, the number of NDs decreases
abruptly. Eventually, a continuous layer is formed.

However, this classical scenario should be modified to
explain our striking observations, namely, the charge/density
correlation and ND grouping. Indeed, the maximum surface
charge corresponds to the maximum number of NDs, which
happens when all available nanohillocks are saturated. This
means that the conditions of the electric charge accumulation
strongly depend on the surface processes that accompany
chemical synthesis of the NDs and the formation of the array.
Therefore, to explain the experimental results and to find how
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Figure 2. (a) Dependence of the number of nanodots on two substrates on the process time. Initial growth is followed by an abrupt decrease after 25
s into the process. (b) Dependence of the nanodot height on two substrates on the process time. (c) Dependence of the electric potential of the
sample surface on treatment time for Si(100) and Si(111) surfaces. The maximum surface potential corresponds to the maximum number of
nanodots, as shown in panel a. No significant difference between Si(100) and Si(111) is noticeable. (d) Scattering of distances between nanodots.
Two clear peaks may be noticed, one at 2.5 um, which corresponds to the uniform distribution of the nanodots, and one at 0.4 ym, which is
attributed to the presence of the groups of nanodots. (e—g) SEM and AFM images of the nanodot pattern with the area (e,f) and line (g) grouping.
Process parameters: pressure 100 Pa, current to the substrate 190 mA.

to use them to control the organization in the ND arrays, we
should find out what happens on the surface at the moment of
the nanohillocks saturation.

It is quite natural to assume that the electric-field-induced
surface diffusion could be the main phenomenon responsible
for the charge/density correlation and the change in the array
formation behavior at the moment of saturation. Indeed, in the
internanodot space (mean distance of ~1 ym, surface potential
of ~40 V), the electric field can reach ~4 X 10 V X m™.
Another estimate, which takes into account the ND size and
curvature, gives an even higher value of ~108 V X m™.

To support our assumption about the leading role of electric
charges on the surface in the formation of ND groups, we have
used extensive numerical simulations of the ND array
formation in the plasma environment. A simulation of the
diffusion-dependent growth on a real surface requires a
complex model incorporating a large number of surface
processes.”* Here we have used a model based on a classical
formulation of surface diffusion with a set of the experimentally
measured microscopic parameters to increase the accuracy of
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simulation. The following surface processes have been taken
into account: surface diffusion of adsorbed atoms about surface
areas between the NDs, evaporation from the silicon substrate
and surfaces of NDs, attachment of the adsorbed atoms to the
borders of the NDs, and supply of reactive oxygen atoms from
the plasma to the surface. This model was used to simulate the
growth of NDs and formation of the ND array on the plasma-
exposed surface, under conditions of the accumulation of
electric charges. More detail on the model can be found in the
Supporting Information and in our previous publications.*®
The results of calculations are shown in Figure 3. First, we
have simulated the nucleation and initial stages of the ND
formation, which demonstrate an increase in the number of
NDs in the array. In this stage, we have used the experimentally
obtained array characteristics (density of NDs on the surface
and their size distribution) to adjust the simulation parameters
in such a way to obtain a realistic array configuration. After
reproducing the experimentally proven charge—time behavior,
we have simulated the ND array formation on the charged
surface. Our calculations have demonstrated that the strongest
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Figure 3. Results of the numerical simulation of nanodot array
formation on the Si surface exposed to chemically active plasma. (a)
Calculated distribution of the electric field in the simulated pattern of
nanodots; (b) half-tone visualization of adatom density on the silicon
surface; and (c) 3D visualization of the nanodot pattern and adatom
density profile on the silicon surface. Pattern size is 1 X 1 pm. (d)
Calculated graph illustrating scattering of distances between the
nanodots. The reference curve with one peak corresponds to the
randomly distributed nanodot array, and two other curves show
additional peaks at 0.25 pm corresponding to the nanodot groups.

electric field gradient is observed along the lines connecting the
closest NDs. The calculations made using the first-principles
molecular dynamics (MD) technique, along with the direct

experiments, have shown that the electric field affects the
diffusion of adsorbed atoms on the surfaces due to the change
in the diffusion activation energy,26_28 which is mainly
influenced by the electric field through the polarization-related
effects.””*° Figure 3a illustrates the simulated ND pattern in the
stage of the maximum ND number, with a half-tone
representation of the electric field in the pattern. Figure 3b
shows a half-tone visualization of the adatom density on the
silicon surface. To better represent the simulation results, we
have also made a 3D-visualization of the ND pattern and
adatom density on the surface (Figure 3c). In this image,
vertical humps between the NDs represent a field of adatom
density (shown not to scale).

During these simulations, we have observed that indeed the
electric charge of the plasma-exposed surface was continuously
increasing due to the electron and ion fluxes from the plasma to
the substrate surface. In the growth stages when the experiment
shows the maximum number of the NDs on the surface and the
maximum heights of the NDs, the calculated strength of the
electric field at NDs of 3—5 nm reached the value above the
threshold for the electron field emission (10® to 10° V X m™).
After that, an intense charge leakage from the surfaces of the
NDs started, resulting in the effective “release” of the electric
charge accumulated on the surface. During the next stages, that
is, coalescence followed by the formation of a continuous layer,
the NDs are still present on the surface, together with the
natural irregularities of the silica layer. They provide the
effective charge release from the surface, thus preventing any
further charge accumulation. Therefore, we have incorporated a
charge release factor (after 25 s into the process) into the
model to achieve a better consistency in the charge behavior
with time.

Our simulations involving the above effects have shown that
the fluxes of adsorbed atoms on the substrate surface are the
strongest between the adjacent NDs. Hence, the surface of the
ND facing its nearest neighbor will receive the strongest flux of
the material, and thus a preferential growth of the NDs will
occur in the direction of the neighbor. Depending on the
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Figure 4. Grouping of SiO, nanodots on a Si surface exposed to chemically active oxygen plasmas. (a,b) nucleation and growth of the initial nanodot
ensemble; (c,d) arrangement into lines (AFM image in inset); and (e) area grouping (AFM images in insets).
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specific configuration of the NDs in the local zone of the array,
this will lead to the line or area grouping found in our
experiments (Figure 4). Indeed, the calculated graph of
scattering of distances between the NDs in the simulated
pattern (Figure 3d) shows the two peaks corresponding to the
uniform distribution of the NDs and groups of NDs. Note that
the scattering graph shown in Figure 3 cannot detect the line
grouping separately of the area grouping; this may require the
development of dedicated statistical methods for the identi-
fication.

One more important point is the controllability of self-
organization on the plasma-exposed surfaces. Our experiments
have shown that an effective self-organization occurs under
conditions typical for the low-temperature plasma synthesis,
that is, when the substrate surface contacting with the plasma
acquires a significant electric potential. This potential originates
from the electric charges accumulated on the surface due to a
strong electron flux from the plasma-surface sheath. Because
the electric charge on the surface is the main driving force of
the self-organization, the controllability of the grouping should
be attributed to the plasma parameter directly influencing the
surface charge, that is, the electron energy. (See the Supporting
Information where the ion and electron fluxes are discussed.)
Indeed, the experiments conducted in plasma with significantly
lower electron energy have demonstrated apparently lower level
of the self-organization.

To conclude, we have reported the results of the
experimental and numerical studies on the synthesis of the
arrays of silica NDs on Si(100) and Si(111) surfaces exposed to
the ICRF chemically active oxygen plasmas and simultaneous
self-organization of these arrays via physical processes triggered
by electric charges accumulated on the surface. The
experimental results have demonstrated that the electric charge
on the surface correlates with the density of the NDs and
influences the array behavior. Moreover, we have found that the
NDs tend to form areas with the increased density, namely, the
area and linear groups. This phenomenon can be termed
nanoherding of NDs on the surface. The surface charge triggers
and guides the self-organization of NDs, which change behavior
when closer to their neighbors with a tendency to merge. On
the basis of the experimental results, we have proposed a
mechanism of the ND array behavior based on the effect of the
electric field on the surface in the rearrangement of the NDs
within the array. To confirm this mechanism, we have
developed a model and conducted extensive numerical
simulations, which have confirmed the proposed mechanism
and have proven a critical role of the electric charges in the
behavior discovered. This process is essentially self-organized
and could be useful for the development of new, self-
organization-based techniques for the devices based on large-
area ND arrays that require controlled ND alignment or
grouping on the surface.

B EXPERIMENTAL SECTION

The patterns of SiO, NDs were synthesized in the radio
frequency (RF) chemically active oxygen plasma. The RF
generator operating at 27.12 MHz was connected to the coil
installed over the Pyrex glass chamber (tube of 10 cm in
diameter and ~30 cm in length). The gas supply and pumping
system maintained the gas pressure in the range of 10 to 100
Pa. A Si substrate was placed on the sample holder, which could
be electrically biased by connecting to the RF circuit or
disconnected from the RF circuit to maintain the floating
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potential with respect to the plasma bulk. A measurement
system capable of determining the electron temperature and
the ion density in the plasma using a double Langmuir probe
installed at the position of the sample was also used.’' On the
basis of these measurements, the plasma-surface sheath
thickness and the current density to the surface were
calculated.’” Also, a custom-designed fiber optics catalytic
probe was used to measure the density of the neutral oxygen
species.33

Initially, silicon substrates were cleaned in ultrasound bath in
acetone and ethanol for 5 and 10 min, respectively, and then
dried using compressed nitrogen. Finally, the samples were
installed on the sample holder of the vacuum chamber and
exposed to the Ar atmosphere for several minutes. During the
process, the electron energy was maintained in the range of 2—
10 eV, ion density —(1 to 2.5) X 10'® m™3 and density of
neutral oxygen atoms —(1.0 to 2.5) X 10*' m~>. The measured
floating bias of the substrate was negative in the range of 10—15
V. The RF generator had a maximum power of 1 kW, and the
RF bias was —100 V at the maximum RF power.

The RF coil was air-cooled during the process. The average
temperature of the substrate surface was measured using an IR
camera installed on the glass chamber. The samples used were
Si wafers (Sigma Aldrich) of thickness 0.5 mm, cut into pieces
of ~100 mm?. Both (100) and (111) silicon surfaces were used
in the experiments. No special catalysts were deposited on the
substrate surface prior to the ND growth. A detailed schematic
of the experimental setup is shown in Figure S3 in the
Supporting Information.

The structure of the samples was analyzed using scanning
electron microscopy (SEM) and atomic force microscopy
(AFM) techniques. Besides, the electric potential of the sample
surface was measured after the plasma process using TREK
Kelvin probe. The Kelvin probe measurements with resolution
+1 V were noncontact from 2 mm distance. SEM and AFM
data were used to calculate the geometrical characteristics of the
ND pattern, namely, the dependence of the number of NDs,
ND height, ND surface area, and ND volume on the process
time. Also, the scattering of the distances between NDs was
calculated using AFM data of 20 randomly selected sample
surface areas of 6.5 ym?* and NT-MDT software.

B ASSOCIATED CONTENT
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High-resolution AFM measurements, schematic of the nanodot
array formation, details of the model and simulations, and
schematic of the experimental setup. This material is available
free of charge via the Internet at http://pubs.acs.org.
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