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EFFECT OF SURFACE

NANO-TEXTURING ON WETTING
PROPERTIES: MOLECULAR DYNAMICS STUDY'!

Molecular dynamics simulations describing the equilibrium shape of a manodroplet located
on the solid substrate are presented for the cases of a “cylindrical water droplet” on silicon
substrates. Several examples of the structuration of the solid substrate surface are simulated,
i.e.: atomistic flat substrate and substrates with ordered manopillars and nanopores. The ad-
hesives forces between molecules of the substrate and the fluid are modified to change the
wettability. Three wetting configurations are considered in this work for the smooth surface:
(i) hydrophilic (6 = 30°), (ii) hydrophobic (6 = 136°), and (iii) an intermediate regime
(0 = 80°). Further, the dependence of the wetting angle as a function of the surface state is
studied in details for the above-mentioned configurations.
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1. Introduction

The understanding of the solid/fluid interaction is im-
portant in numerous applied physics and engineer-
ing fields. In particular, the physical insight regard-
ing wetting properties is crucial for the fabrication of
superhydrophilic or superhydrophobic surfaces. The
latter are promising for the creation of self-cleaning
surfaces [1], as well as for the heat and mass transfer
tuning across solid/fluid interfaces [2-4]. As another
important example, the impact of the wettability on
the formation of nucleation sites close to the nanos-
tructured solid /fluid interface can be mentioned [5-7].

Wetting angle (6) is one of the important character-
istics which may be a criterion for the state of wet-
tability of a solid substrate by a liquid droplet. In
practice, according to the Young equation, the wet-
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ting angle depends on the surface tensions between
different phases in contact:

, (1)

COS(Q) — sV — YSL
inY

where ysv, 7Ys1, and v are the surface tensions be-
tween solid and vapor, solid and liquid, and liquid
and vapor, respectively.

It should be noted that the consideration of the
wetting of a nanostructured substrate by a nanoscale
droplet is more complicated. In this case, one should
account for the parameters such as line tension [8,9],
size dependence of surface tension [10-13], and ad-
sorption of atoms of a liquid on the solid surface
[14, 15]. The above-mentioned phenomena can lead
to a significant modification of Eq. (1). Despite the
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importance of the wetting in numerous physical pro-
cesses, the tuning of the wetting properties in the
nanoscale is a challenging issue, and the latter should
be addressed based on a strong physical background.

One of the possibilities to tune the wetting angle
is based on an increase of the specific surface area
of interaction through the structuration of the solid
substrate. Indeed, it is well known that the structura-
tion may lead to the superhydrophilicity [16] of hy-
drophilic surfaces and the superhydrophobicity [17] of
hydrophobic ones. It is clear that the situation starts
to be more complicated in the case of a nanostruc-
tured substrate with numerous multiscale features
[18—20]. In this framework, one should consider the
pinning of a three-phase contact line on the struc-
tural heterogeneities [21].

Molecular dynamics (MD) approach is a powerful
simulation tool which can be useful for the gaining of
a physical insight regarding wetting properties on the
nanoscale [22]. This approach is based on the evolu-
tion of a system of atoms that interact, respectively,
by the Newton laws. To perform the simulations, one
needs to set the initial configuration of the positions
of atoms, the external forces, and the forces resulting
from interatomic interactions.

However, MD massively consumes computational
resources. Therefore, there are some limitations re-
garding the system sizes and/or duration of simula-
tions. From this point of view, it is possible to par-
tially overcome this issue with the use of different
coarse-grained approaches, which are based on con-
siderations of several atoms as one site [23|, but it
requires an appropriate model to be representative of
the studied properties.

In this study, we will consider features of the wet-
ting of a nanostructured surface by a liquid. The
chosen surface is a monocrystalline silicon substrate
with several kinds of structuration. Hereafter, we con-
sider the cases of (i) atomically flat substrates; (ii)
substrates with rectangular pillars, and (iii) sub-
strates with rectangular pores. As a liquid, water
represented by the coarse-grained ELBA model [24]
is considered. Several wetting regimes (hydrophobic,
hydrophilic, and neutral, respectively) for a smooth
substrate are achieved changing the parameters of in-
teraction between atoms of silicon and sites of wa-
ter. The dependence of the wetting angle for such
regimes was analyzed as a function of the substrate
morphology.
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2. Details of Simulations
2.1. Interaction potentials

As mentioned above, the ELBA coarse-grained model
[23] for the simulations of interactions between wa-
ter sites was used. According to this model, a water
molecule is represented by one site. Thus, the long-
range Coulombic interaction between atoms of water
molecules can be replaced by the dipole interactions
between the sites. In such way, it is possible to signif-
icantly reduce the computational time [25]. The po-
tential of interaction between ¢ and j water sites can
be represented in the following form:

Uy = UL + U, (2)

where UZ-];J is the term describing the Lennard-Jones

interactions, and U/ " is the term related to the
dipole-dipole interactions. The form of the terms and
the values of parameters were taken from [24]. The
interactions between silicon atoms were taken ac-
cording to the Stillinger-Weber potential [26]. Inte-
ractions between silicon atoms and water sites were
determined by a Lennard-Jones potential

. ) 12 o . 6
Uwsi = 4ewsi l( WSI) - ( WSI) ], (3)
Tij Tij

where ews; and ows; are energetic and geometric
parameters ofthe Lennard-Jones potential, respec-
tively. For the evaluation of the geometric parameter,
the Lorentz—Berthelot mixing rule was used:

owsi + oww (4)

OwWsi = 9

In addition, it should be noted that, given the com-
plex nature of interactions, it is more practical to
adjust the value of the energy parameter based on
considerations of the contact angle on a flat or corru-
gated substrate [8,9]. Thus, ey g; was considered as
a variable to set different wetting regimes.

2.2. Initial configurations
of the studied systems

Cylindrical cap droplets located on several types
of a silicon substrate are considered. In respect to
this geometric configuration, the computational do-
main was chosen as a parallelepiped with lengths
in the X, Y, and Z directions, respectively, to be
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50ag%x20agx38ag, where ag = 5.43 A is the silicon
lattice parameter. As an atomically flat surface, the
monocrystalline silicon slab with diamond-type lat-
tice (lattice parameter ag) with orientation [1 0 0]
was chosen. In the X and Y directions, the size of the
silicon slab was set to cover the whole domain of sim-
ulations. The thickness of the slab in the Z direction
was equal to 8ap, and its origin was located in the
simulation domain bottom (see Fig. 1). The atoms in
the bottom layer (XY plane) were fixed to the initial
position with harmonic forces to prevent a vertical
artificial displacement of the system. The number of
silicon atoms for a flat substrate was equal to 66000.

Additionally, the cases of a porous substrate and
a substrate with nanopillars were considered. These
structures were formed by deleting atoms from the
initial slab. In all our simulations, the depth of pores,
as well as the height of pillars, was set to h = ag. The
distance between nanopillars and pores was also the
same in all simulations (d = b5ap). The pores and
the pillars have the square cross-section with the side
length equals to [. Additionally, it should be noted
that atoms were deleted in such way that the middle
of pillars and pores (in the X and Y directions) was
located at the simulation domain center (see Fig. 2).

The slab of water was simulated also as a rectan-
gular parallelepiped with the edges parallel to the X,
Y, and Z axes. It was located on the top of the sili-
con surface centered in the X direction and filled all
space of the simulation domain in the Y direction (see
Fig. 1). The volume of the parallelepiped was filled by
water sites according to a cubic lattice. The lattice
parameter was set to be equal to 3.1 A to represent
the density of a bulk water. Water volume lengths
were, respectively, set to 62 A x 1054 A x 62 A in
the X, Y, and Z directions in the initial stage. The
number of water sites was equal to 7875, and it was
constant for all simulations.

2.3. Simulation procedure

All MD simulations were carried out with Large-
scale Atomic Molecular Massively Parallel Simula-
tor (LAMMPS) [27]. Periodic boundary conditions
were set in all directions. The initial velocities among
atoms were distributed on the basis of a Gaussian
law to achieve the temperature equals to 1 K. Then
the system was evaluated in the NVE (constant num-
ber of particles, volume, and energy) ensemble to up-
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Fig. 1. Initial configuration for a droplet located on the atom-
istic smooth silicon surface

c

Fig. 2. Initial configurations for a nanostructured silicon sur-
face: XZ projection for a substrate with nanopillars (a); XY
projection for a substrate with nanopillars (b); XY projection
for a porous substrate (c). Only regions of interest are plotted

date velocities, positions of atoms, and the orienta-
tion of dipoles during 10000 steps with a time step of
1 fs. Simultaneously, after each time step, the energy
of the system was updated to obtain the equilibrium
temperature equals to 300 K by re-scaling the veloc-
ities. Then the system was additionally equilibrated
in the NVE ensemble during 50 ps with the use of a
Langevin thermostat keeping the temperature equals
to 300 K. After this procedure, the system was ana-
lyzed during 2 ns. During this period, the center of
mass of a droplet was fixed in the X and Y direc-
tions to prevent smashing the wetting angle due to
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Fig. 3. Molecular dynamics snapshots of atoms’ positions in
the thermalized system: in the top, the projection in the XZ di-
rection, in the bottom perspective view (a); density profile of a
water droplet on a silicon substrate. The solid line corresponds
to the evaluated droplet shape (b)
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Fig. 4. Dependence of the wetting angle on the energy pa-
rameter (ewsi) of the Lennard-Jones potential

the translational movement of a droplet. Each 10 ps,
the position of atoms was collected as snapshots. Af-
ter the first nanosecond, the two-dimensional (in the
X and Z directions) maps of density profiles were also
collected and averaged each 0.1 ps with 10000 time
steps for the evaluation of the wetting angle. As an
example, Fig. 3 shows a snapshot and a density pro-
file of water on the atomistic smooth substrate. The
wetting angle was calculated with the procedure de-
scribed in [9,28]. In addition, the equimolar lines were
plotted for the density variation corresponding to a
half of the bulk water density.

3. Results and Discussions

3.1. Droplet on the atomistically
flat substrate

As mentioned above, the interaction potential is
tuned at the initial stage by changing the value of
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ewsi term of the Lennard-Jones potential in Eq. (3).
Figure 4 shows the wetting angle as a function of this
energy parameter. Dots represent the results of MD
simulations, and the solid line corresponds to the lin-
ear fit. As one can see, the dependence is linear, and it
can be easily used for the estimation of the energy pa-
rameter based on measurements of the wetting angle.

In order to investigate the impact of a nanostruc-
turation on the wetting angle, three wetting configu-
rations were distinguished: (i) hydrophilic (§ = 30°),
(ii) some medium regime (# = 80°), and (iii) hy-
drophobic (6 = 136°).

3.2. Droplet on a nanostructured substrate

Figure 5 presents the dependence of the wetting angle
on the substrate roughness R defined by the ratio
between the top surface and projected surface. For a
porous substrate, it was estimated as follows:

hi?
= )

and, respectively, for a substrate with pillars:

h (d? —I2
) o

It is important to note that there are some val-
ues of the wetting angle which are the same for the
closest (in Fig. 5) neighboring points with different
roughness, because of a finite size of the crystalline
lattice.

As one can see from Fig. 5, a and b, there is a gen-
eral trend of increasing the “phobicity” and “philicity”
by increasing the roughness in the hydrophobic and
hydrophobic regimes, respectively. Specifically, there
is a tendency of decreasing (increasing) the wetting
angle for a hydrophilic (hydrophobic) substrate, as
the roughness increases. Nevertheless, there are some
irregularities and deviations from these trends. The
latter can be explained by the pinning of the contact
line at the pores (respectively, pillars) edges and, as
a result, by the presence of the contact angle hystere-
sis. The most significant jumps arise, when the size
of a structural feature is compatible with the droplet
size. The impact of the contact line on the wetting
angle can be stated also from the difference between
curves corresponding to the porous substrate and the
substrate with pillars. In this case, even for the same
specific surface area or roughness, the droplet exhibits
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Fig. 5. Dependence of the wetting angle on the roughness for different initial wetting angles: hydrophilic # = 30° (a); mixed

0 = 80° (b); and hydrophobic 8 = 136° (c)

a difference in the contact line patterns (see Fig. 2, b
and 2, ¢). This difference leads to a difference in val-
ues of the contact angle, as well as in the curve shapes.

It is also important to note that, for the initial
wetting angle (6 = 80°), the substrate may manifest
hydrophilic, as well as hydrophobic properties. The
latter depend on the specific surface area of contact-
ing interfaces and on the effectiveness of the filling of
pores.

4. Conclusions

Features of wetting properties of a nanostructured
surface are studied with the use of molecular dynam-
ics. As a result of the simulation, it is observed that
the texturing of a hydrophilic (hydrophobic) surface
leads to an expected change of the hydrophilicity (hy-
drophobicity). For a droplet deposited on a substrate
exhibiting the angle close to 90° before the texturing,
both hydrophilic and hydrophobic behaviors can be
achieved after the texturing. The latter are defined
by the specific surface and the effectiveness of the
water pore filling. Additionally, the strong impact of
the pinning effect which is characterized by jumps in
the wetting angle was observed. The jump amplitude
is strong, when the drop size is comparable to the
length-scale of the substrate patterns.
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BIIJINB HAHOTEKCTYPYBAHHS{
HA BMOYYBAHHSA ITOBEPXHI: METO/],
MOJIEKYJIAPHOI INHAMIKN

Peszmowme

PobGora npucssiueHa JOC/TIPKEHHIO PIBHOBaXKHOT (DOPMU HAHO-
KpaIuli, po3TalloBaHOl Ha TBEP/iil HAHOCTPYKTYPOBaHIill Iij-
KJIAQJIMHIL, 30KpeMa, OyJI0 PO3IJISHYTO BUMAIOK “IUJIIHAPUIHOL
Kpaiutni Bogu” Ha KpeMmHieBiil minkiaanuHii. Byno 3monenroBa-
HO JEKiJIbKa BapiaHTIB CTPYKTypYyBaHHS ITIOBEPXHI TBEPAOT ITiJI-
KJIQIUHKHU: aTOMICTUYHO TIJIOCKA IIKJIAUHKA Ta iK1 IMH-
Ka 3 YIOPSAAKOBAHUMH HAHOCTOBIYUKAaMU Ta HaHomopamu. Cu-
nu anresil MiXk MosIeKysnaMu cybcTpary Ta piauHu Oymm Mo-
nudikoBaHi BIANOBIIHUM YMHOM [jisi TOro, o6 BapioBaTH
3MOYyBaHICTh. Y JaHiii po6oTi GyJI0 PO3MIAHYTO TpU KOHDI-
rypanii 3mModyBaHHs moBepxHi: 1) rigpodinsamit (0 = 30°),
2) rigpodobuuit ( = 136°), ta 3) npomikuuii pexum (0 =
= 80°). B momaspiioMy 3ajieXKHICTH KyTa 3MOYyBaHHS Bif
byHKIil cTaHy TOBEpXHI JeTaJbHO BUBYAJACH [JIsI BUINE3ra-
HaHUX KOH@Irypariii.
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