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Molecular Dynamics Study of Interactions between the Water/ice 

Interface and a Nanoparticle in the Vicinity of a Solid Surface 

In this study, non-equilibrium molecular dynamics simulations were conducted 

for a coexistence system of water and ice on a wall surface with a single 

nanoparticle to reveal the effects of water solidification on the nanoparticle in the 

vicinity of a wall surface. We further investigated the effect of the presence and 

size of particles on the density profile of water in the vicinity of the wall surface 

and the force acting on particles from water molecules, when the solidification 

interface contacted the wall and the particles. The results revealed that a strong 

mutual influence exists between the solidification interface and the nanoparticle 

on the wall’s surface; the nanoparticle on the wall prevents water solidification in 

proximity to the wall. Moreover, the force acting on the nanoparticle from water 

molecules changes as the solidification interface approaches; the cooling 

temperature is shown to affect the direction of this force. It indicates that the 

solidification process is a key influential factor which affects nanoparticle 

movements on a wall surface at molecular scales. 

Keywords: Non-equilibrium molecular dynamics, Solidification, Ice/water interface, 

Nanoparticle 

 

Introduction 

In the semiconductor manufacturing process, it is essential to remove nanoparticles 

that cause defects in the semiconductor device during wet cleaning without damaging 

the semiconductor pattern [1]. However, the conventional cleaning method makes the 

removal of the nanoparticles without damaging the pattern difficult, because of the 

semiconductor miniaturization. As one solution for this problem, a new cleaning 

method using a solidification process has been proposed [2, 3]. During this cleaning 

process, a liquid film on the wafer is frozen by cold nitrogen gas, and the nanoparticles 

are removed with a cleaning liquid. The experimental results showed that this process 

reduces damage to the semiconductor pattern and increases the particle removal rate, 
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which implies that the solidification phenomenon can affect the nanoparticles at the 

nanoscale [3]. However, the mechanism of this phenomenon is unclear because of the 

difficulty of observation due to the level of semiconductor miniaturization lower than 

dozens of nanometers. In order to improve the particle removal rate on the 

semiconductor wafer, it is necessary to fully understand the mechanism of the particle 

removal processes in the solidification cleaning process. 

Experimental studies have explained several features concerning the structural and 

dynamic properties of liquid and solid systems at nanoscales; these include X-ray [4, 5] 

and NMR [6, 7, 8] observations on the dynamics and phase change phenomena of water 

in a nanometer scale pore. The interactions between particles and the solidification 

interface have been investigated both experimentally and theoretically. At the 

micrometer scale, numerous theories about the ice–water solidification surface 

advancing “critical velocity”, below which the particles are rejected by the interface, 

and above which they are trapped in the ice have been proposed [9], and the 

experimental results have been shown to be consistent with the theories [10]. On the 

other hand, at the nanometer scale, experimental studies have been conducted to 

observe the nature of the interactions (e.g., pushing, rolling, sliding) of gold 

nanoparticles on ice solidification interface by TEM [11]. However, few studies to date 

have captured the movement of nanoparticles at nanoscales and the mechanism of 

nanoparticle movement by the solidification interface is still unclear. 

Conversely, molecular dynamics simulations contribute to the understanding and 

interpretation of nanoscale phenomena. There are some previous studies concerning the 

dynamics of water molecules near the ice–water solidification interface. For example, 

the dynamics of water molecules at the solidification interface depends on the plane 

orientation of the ice [12]. Also, the difference in hydrogen bond formation mechanism 
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at the solidification interface is related to the difference in crystal growth rate for each 

plane orientation [13]. Previous studies focusing on the dynamics of molecules in 

proximity to a wall have reported that the density profile [14], diffusivity [15] and 

hydrogen bonding [16] of molecules are different from the bulk due to the influence of 

the wall. Moreover, it has been shown that wall vibrations [17], plane orientation and 

electric field [18] affect the properties of water molecules and ice crystal nucleation in 

the vicinity of the wall surface. Previous studies on the growth of the solidification 

interface on the wall show that the interaction strength between water molecules and the 

wall affects the solidification phenomena near the wall [19].  

However, no studies have addressed the issue of particle removal on semiconductor 

wafers, and little is known about the interaction between particle removal and the 

solidification interface.  

The purpose of this study is to clarify solidification interface effects on a particle on a 

wall’s surface. Non-equilibrium molecular dynamics simulations were performed using 

an ice–water coexistence system, which comprised a TIP4P/2005 water model, and 

nanoparticles of a silicon (Si) atom on a wall surface with an FCC structure. Below the 

melting point in the system, the solidification interface grew toward the nanoparticle 

and the forces from the solidification interface acting on the nanoparticle were 

examined in detail. This study assessed the density distribution of water molecules in 

the vicinity of the wall and the interaction between the nanoparticle displacement and 

the force exerted by the water molecules.  

This manuscript is organized as follows. Section 2 provides details of the simulation 

procedure, and Section 3 discusses the main results. Section 4 summarizes this study’s 

conclusions.  
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Computational Methods 

Calculation Conditions 

This study performed molecular dynamics simulations using a system composed of an 

ice–water coexistence system with two types of particle on a wall surface, as shown in 

Fig. 1 (a). The ice–water coexistence system contained 1224 (3672 atoms) water 

molecules, and the wall was composed of 199 Pt atoms with an FCC structure. One 

particle was composed of 32 Si atoms (Particle 1) and the other was 16 atoms (Particle 

2) and have a diameter of 1.0 nm (Particle 1) and 0.7 nm (Particle 2). The size of the 

calculation system was Lx×Ly×Lz = 2.20 nm × 2.33 nm × 10.0 nm. The x and y 

directions had periodic boundary conditions and a mirror surface boundary condition 

was applied to the upper side of the z direction. A vacuum region of about 1.0 nm in the 

z direction was set above the ice region as the initial condition and the z direction origin 

is the wall surface. The ice region was of a Ih structure and the plane orientation of the 

ice water interface was {112̅0}. The wall consisted of Pt with a FCC structure and the 

plane orientation of the wall surface was {100}. The lattice constant of the wall 

structure was adjusted to be equal to that of the ice crystal lattice. The wall was 

composed of four layers with a fixed layer at the bottom of the wall. The Langevin 

method [20] of temperature control was applied, with the layer above the fixed layer 

acting as a phantom layer. 
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Figure 1. Calculation model and particles used in this study. 

In this study, the TIP 4 P/2005 [21] model was adopted for the water molecule, and the 

Stillinger–Weber (SW) potential [22] was used for the calculation between the Si atoms 

that constituted the particles. The interactions between Pt–Pt atoms, which constituted 

the wall surface, and the interactions between different atoms were calculated by using 

the 12-6 Lennard-Jones (LJ) potential.  

𝜙𝑖𝑗(𝑟𝑖𝑗) = 4𝜀𝑖𝑗 {(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

}      (1) 

where i and j are the numbers of the atom and rij is the distance between the two atoms. 

The Lorenz–Berthelot mixing rule was used to obtain the 𝜎𝑖𝑗 and 𝜀𝑖𝑗 between different 

atoms. Table 1 contains the parameters used for calculating the LJ system. The velocity 

Berlet method was used for the numerical integration. The time step width was 2.0 fs 

for the LJ system and 0.1 fs for the SW system, and the RESPA algorithm method was 

used. The LAMMPS [23] software package was used for calculations. 

Table 1. Interaction parameters of the 12-6 Lennard–Jones potential function. 

 

z 

x 

(a) Calculation model (b) Particle 1 

(32 Si atoms) 

(c) Particle 2 

(16 Si atoms) 

Cooling area 

(7.0 nm < z < 8.0 nm) 



7 

 

 

 

Simulation Procedure 

Prior to calculating with the system shown in Fig. 1, the melting point of the water–ice 

wall system without particles was confirmed. A model was prepared that was equivalent 

in size to that in Fig. 1 and which did not contain particles. Then, the target 

temperatures (of 240, 244, 245, and 246 K) were used to investigate the melting point in 

accordance with the following procedure. First, the Nosé–Hoover method was used to 

heat the entire system from 1 K to the target temperature for 1 ns. Second, calculations 

were performed for a duration of 5ns, and the results were obtained. The temperature of 

the wall phantom layer was equivalent to the system control temperature in the 

Langevin method. 

Figure 2 shows the time dependence of water molecule temperature and total energy 

(i.e., the sum of kinetic and potential energy) at each controlled temperature. When 

water molecules are controlled at the target temperature, the total energy declines due to 

ice crystallization under low temperature conditions, which indicates that the potential 

energy of water molecules decreases due to crystallization [24, 25]. Conversely, the 

total energy increases and ice melts under conditions of high temperature. Therefore, 

the melting point in this calculation system can be assumed to be 245 K, as the total 

energy remains almost constant with time at this temperature. 

 𝜎 Å 𝜀 kcal/mol 

O–Pt 2.96 1.70 

O–Si 2.62 3.04 

Pt–Si 2.43 28.03 

Pt–Pt  2.77 15.71 
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Figure 2. Time evolution of temperature and total energy in the calculation system. 

The following section describes the introduction of a particle and the calculation 

procedure. By applying the calculation system presented in Fig.1, the water molecules 

near the wall are eliminated in order to place a particle. The numerical procedure is as 

follow. After increasing the temperature of the entire system from 1 K to 242 K in 1 ns; 

we calculated without temperature control in 1ns for relaxation. Subsequently, the 

temperature of the water molecules at the cooling area (the region above the solid 

phase: 7.0 nm < z < 8.0 nm as illustrated in Fig. 1 (a)), named the cooling temperature 

in this study, was controlled using the velocity scaling method. During the entire 

calculation period, the wall temperature was maintained at 242 K to prevent the 

unintentional melting of the ice phase and to accelerate the start of ice crystallization. 

Results and Discussion 

The following section first discusses the influence of the presence and size of 

particles on the growth of ice crystals near the wall. It then describes particle 

displacement and the forces acting when the solidification interface approaches the 

particles. Finally, the effect of cooling temperature on the forces acting on the particles 

is discussed. 

(a) Water temperature (b) Total energy of water molecules 
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Density Distribution in the Vicinity of the Wall 

This study calculated the instances without particles, with Particle 1, and with Particle 

2 in Figure 1 at the cooling temperature of 240 K. Figure 3 shows the snapshots of 

Particle 1 at each time interval of the model and Fig. 4 illustrates the density profile of 

water molecules in the cases with and without particles. In Fig. 3, ice solidification 

grows toward the wall surface, and the particles move horizontally on the wall 

regardless of the solidification interface. The density profiles were calculated as the 

time averaged values between 25 ns and 50 ns and were computed for each condition by 

averaging the histogram of densities along z over the set of 1000 configurations. The 

width of the density histogram was 0.01nm. The time averaging span was determined 

by snapshots that reveal the solidification interface grows in proximity to the particle. 

In the region near the wall (0.0 nm < z <0.5 nm) of the density profile (Fig. 4), an 

adsorption layer of water is formed on the wall. Conversely, the area at z > 0.5 nm from 

the wall demonstrates periodic peak values in density distribution. This is because water 

molecules are structured in the form of ice crystals, and the larger the intensity of the 

density peak, the more ice crystals are formed over a longer duration.  

In the snapshot of t = 40 ns in Fig. 3, the solidification interface does not reach the 

wall and a liquid area remains. An ice crystal state is not maintained on the wall and the 

water state fluctuates between liquid and solid (ice), which implies that ice crystals are 

hardly formed in the region of 0.0 nm < z <0.5 nm. This area between the wall and the 

solidification interface is known as a quasi-liquid layer as observed by X-ray reflectivity 

profiles [26].  

Next, we focus on the z coordinate position of the density peak in the range of 0.8 nm 

< z <1.0 nm. The z position of the density peak is close to the wall in the case without a 

particle, and the z-position of the density peak moves farther from the wall as the 
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particle size increases, indicating that the formation of ice crystals is affected by the 

particle. It is evident that a correlation exists between particle size and the distance from 

the ice interface to the wall’s surface. 

 

Figure 3. Snapshots in the solidification process in the case of T = 240 K with Particle 

1. 

 

Figure 4. Density distribution of water molecules in the cases with and without particles 

in the vicinity of the wall surface. 

Force acting on a Nanoparticle from the Solidification Interface 

In order to clarify the influence of the ice interface on the particle, the forces acting on 

the particle were investigated. Figure 5 illustrates the time variation of the z direction 

t = 10 ns t = 20 ns t =30 ns t = 40 ns 
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force acting on the particle and the displacement of the particle’s center of gravity 

(COM) in the perpendicular direction. In Fig. 5 (a) to Fig. 5 (c), the total force acting on 

the particles is donated as Ftotal, and the force acting from the water molecules and the 

wall surface are donated as FWater, and FWall. Additionally, Fz+ is the upward force acting 

on the particles, while Fz- is the downward force in the z axial direction. 

After 25ns, the ice interface approaches the particle; the effect of the interface causes 

the particle to drift upwards. Such solidification interface and particle behavior is not 

typical in most cases, but some show similar dynamics. Focusing on the force and 

particle dynamics, Fig. 5 (a) reveals that Ftotal has not changed, even though the particles 

are moving. Conversely, the Fwater and Fwall values are drastically changed and indicate 

a correlation between the z position of the particle and the force acting from the water 

molecules or wall on the particle in Fig. 5 (b) and Fig. 5 (c). This reveals that the ice 

interface affects the force acting on the particle.  

 

 

(a) FTotal 

(b) FWater (c) FWall 

Fz
+ 

Fz
- 

COM 
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Figure 5. Time evolution of force acting on a nanoparticle and center of mass of the 

nanoparticle. 

Cooling Temperature and Force acting on a Nanoparticle 

In order to clarify the influence of the cooling temperature on the solidification 

process, the cooling temperature conditions were changed to 241, 240, 238, and 236 K. 

Figure 6 reveals the time evolutions of the temperature and the total energy of the water 

molecules at each temperature increment. It indicates that the water temperature 

corresponded to the identified target temperature and the total energy curves decrease 

with time, indicating that the water is freezing. The total energy plateau at the start of 

the calculation (at the temperatures of 240K and 236K) implies that freezing has not 

progressed when the calculation started. Focusing on the total energy reduction rate that 

is shown by the dashed line in Figure 6 (b) at 236K and 240K, it indicates the 

solidification interface growth rate. In this calculation system, the total energy reduction 

rate increases as the cooling temperature decreases, and it implies that the lower cooling 

temperature, the faster the solidification interface growth rate. 

 
(a) Water temperature 
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Figure 6. Time evaluation of temperature and total energy of water molecules. 

Figure 7 shows the z direction force that is acting on the particles from water 

molecules at each cooling temperature and the z direction displacement of the particles. 

The arrows in Fig. 7 indicate the time of contact between the solidification interface and 

the top of the particles. The solidification interface reaches to the wall surface 

temporarily and fluctuates on the wall’s surface, and at each cooling temperature a 

quasi-liquid layer is continually evident between the surfaces of the ice and the wall. 

Under all conditions, the solidification interface covered the particles and reached the 

vicinity of the wall surface. At the higher temperatures of 241 K and 240 K, Fz+  shows 

that the direction of force acting on the particle is the opposite direction of the growth 

direction of the ice surface between t = 25-35 ns at 241 K and t = 13-15 ns at 240 K, as 

shown in Figs. 7 (a) and (b). Subsequently, the force direction acting on the particle is 

similar to the ice growth direction, which indicates that the direction of the force 

changes before and after contact between the solidification interface and the particle. 

However, under the lower temperature conditions of 238 K and 236 K, there is a slight 

force in the opposite direction to the ice surface growth; the force direction is largely the 

same as the growth direction of the ice surface shown in Figs. 7 (c) and (d). Regardless 

of the cooling temperature, after the solidification interface reaches the particles, it 

exerts a repulsive force.  

(b) Total energy of water molecules 
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Under high cooling temperature conditions of 241 K and 240 K, the attractive force 

acting from the solidification interface is related to the change in density profile of 

water due to solidification. This indicates that this attractive force becomes evident 

when the water density distribution changes slowly.  

 

 

Figure 7. Time evolution of forces acting on nanoparticles from water molecules and 

center of mass of the nanoparticle at each temperature. 

Conclusions 

This study investigated the properties of water and ice on a solid surface with a 

nanoparticle in order to reveal the effects of water solidification on the nanoparticle in 

the vicinity of the solid surface. The results confirm that a strong mutual influence 

exists between the solidification interface and the nanoparticle on the wall’s surface; the 

nanoparticle on the wall prevents water solidification in proximity to the wall. The force 

(a) 241 K (b) 240 K 

(c) 238 K (d) 236 K 

Fz
+ 

Fz
- 

COM 
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acting on the nanoparticle from water molecules changes as the solidification interface 

approaches; the cooling temperature is shown to affect the direction of this force. Under 

higher cooling temperature conditions, the growth of the solidification interface is slow. 

In this case, when the solidification surface approaches the nanoparticle, the direction of 

the force acting on the nanoparticle from the water molecule is opposite to the growth of 

the solidification surface; the force direction then aligns to that of the solidification 

interface. Conversely, under lower cooling temperature conditions, the solidification 

interface grows at a faster rate, and the force in the opposite direction of the 

solidification interface is smaller. 
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