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ABSTRACT OF THE THESIS

Molecular dynamics of nanodroplet impact: the effect of molecular models.

By

Efren Villanueva Bonay

Master of Science in Mechanical and Aerospace Engineering

University of California, Irvine, 2018

Professor Manuel Gamero-Castaño, Chair

Electrospraying of nanodroplets modifies the target surface by sputtering its atoms and

amorphizing the outer layers. Collisions of droplets of diameters between 1 nm and 1 µm

are not yet totally understood. Previous experimental studies have been performed and

compared with Molecular Dynamics simulations using the pseudo-atom model (PA) for the

droplets. This PA model considers each liquid molecule as a single particle with the same

molecular mass. In this study a new atomic/molecule model (AM) which contemplates

all atoms and bonds of the droplet is presented. Simulations of the collision of a 5 nm

diameter droplet for formamide and EMIMIm are performed using both models. Droplet

initial kinetic energies between 3 KeV and 15 KeV are tested. Results show that PA model

collisions transfer almost all of their initial kinetic energy to the slab. Temperature fields

after the collision are much higher for this model. Furthermore, highly energetic EMIMIm

droplets pseudo-atoms penetrate further into the target whereas atoms in the AM model

do not. The ratio of Silicon atoms sputtered and the amorphized region depth for the PA

models are larger than for the atomic/molecule, which compare well to experimental results.

The AM model is more accurate, especially when simulating droplets of high atomic mass for

which the PA model particles are very energetic. Energy consumed to break bonds in the AM

model is negligible in comparison with the droplet initial kinetic energy. Simulations show

that unbreakable bonds can be used in the AM models obtaining almost identical results.

x



Chapter 1

Introduction

1.1 Motivation

The energetic impact of electrosprayed nanodroplets on hard surfaces modifies the target in

different ways. They amorphize outer atoms of the surface after being melted due to the

droplet impact; they leave craters of depth comparable to the projectile size; and, at high

enough kinetic energies, they can sputter a large number of atoms.1,2 Nanoprojectiles do not

penetrate deep into the target but quickly transmit their energy to the surface. The impact

of light particles at atomic level have been widely studied on basis of Sigmund’s collision

cascade model.3 Larger projectiles of 1 µm or more have been also considered in detail.4,5

However, the remaining range is not yet totally understood.

Silicon is an extensively used material due to its low cost and high industrial applications

because of its semiconductivity. It is used in many electronic devices and photovoltaic pan-

els.6,7 Amorphous Silicon has a higher conductivy and, therefore, manufacturing ways to

obtain it have been widely studied. The electrospraying of highly energetic nanodroplets

1



at hypervelocities amorphizes Silicon surfaces around the region of the impact. This amor-

phization is in part achieved by the sputtering of Si atoms from the surface.1

Molecular Dynamics simulations are used in this study to further investigate what hap-

pens during and after the impact of these nanodroplets. Molecular Dynamics is a powerful

technique employed to obtain accurately position and velocity of all particles inside a simu-

lation cell. It integrates the equations of motion at every step of the simulation. The forces

between particles are obtained from different interacting potentials. It allows the computa-

tion of thermodynamic properties such as temperature, pressure or density as well as other

parameters like the radial distribution function which gives information about the target

structural phase.

Sputtering and amorphization of the collided Silicon slabs have been analyzed in previous

studies experimentally8,2 and by Molecular Dynamics simulations.9,10 However, previous

simulations have used the pseudo-atom model (PA) in which the molecules of the droplet

are represented by particles with same molecular mass. This model can miss several key

aspects of the impact since it does not take into account the molecular composition of the

projectile and the intramolecular interactions.

The present study introduces a new atomic/molecule model (AM) where all atoms in the

nanodroplet molecules and their bonds are considered. This model provides a more realistic

way to reproduce the impact, sputtering and subsequent amorphization of the target slab.

This article presents the comparison of these two models on the simulation of a 5 nm diame-

ter nanodroplet collision into a (100) Si target. Two liquids of distinct molecular masses are

considered: formamide and 1-ethyl-3-methylimidazolium bis (trifluoro-methylsulfonyl) imide

(also known as EMIMIm). Both have been used in previous studies. In particular, energy

transferred into the slab, sputtering rates and depth of the amorphized region are compared

2



in this article. Furthermore, a study of the AM model broken bonds and the relevance of

the energy lost on that process is presented.

3



1.2 Theoretical and computational overview

This section introduces an overview of different topics which serve as a basis in this study.

First of all properties of Silicon are presented followed by a brief explanation on Molecular

Dynamics. Then, the three different potentials employed in simulations are introduced. A

short definition of the formulae used in the following chapters concludes this overview.

1.2.1 Properties of the Silicon slab

Silicon is the fourteenth chemical element and it belongs to the metalloids. It has an atomic

mass of 28.09 u and and a density of 2330 Kg/cm3 at room temperature. The general

structural phases of Silicon are crystalline, amrophous and liquid. In crystalline phase at

atmospheric pressure, Si atoms are organized in a cubic diamond cell which contains 8 full Si

atoms. The cell has a lattice constat a = 5.431Å. In this phase, the coordination number is

CN = 4 which means that each atom establishes four bonds with its closer neighbours. The

melting point is at 1685 K at a pressure of 1 atm. Amorphous Silicon is a solid phase with

Si atoms arrenged randomly. It has a coordination number above 4. Finally, liquid Silicon

phase is obtained after reaching the melting point and it has a coordination number above

5.11

4



Figure 1.1: Silicon cubic diamond cell with a lattice parameter a = 5.431.
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1.2.2 Molecular Dynamics

Molecular Dynamics is a computer simulation technique that provides detailed information

of the fluctuations and conformational changes of atoms and molecules. It is used to under-

stand the properties of atoms and molecules in terms of their structure and the microscopic

interactions between them. The trajectories of atoms and molecules are computed by nu-

merically integrating Newton’s equations of motion where forces and energies are calculated

using interatomic potentials.

Typically, molecular systems consist of a large number of particles which makes it impos-

sible to solve the motion equations analytically. For this reason, Molecular Dynamics are

employed using numerical methods. However, the simulations are constraint by the avail-

able computation power. Parameters such as the number of particles, the timestep and the

total simulation duration must be chosen adequately so that the simulation is finished in a

reasonable time. Still, the simulated time should be long enough to obtain relevant results

of the processes studied.

Simulation results act as exact predictions and are often compared to experimental results.

They are exact in the sense that one can make them as accurately as the computation budget

allows. It might be necessary to model a test and simulate it before building the experi-

mental setup in order to save time and resources. Moreover, sometimes it is not possible to

obtain experimental results in the laboratory because it is difficult or impossible to do so.

Furthermore, with MD simulations, data at each timestep is obtained but there might be no

recording tools available to do so experimentally.

6



Numerical simulations consists on the solution of the following system at each timestep:

mir̈i = fi (1.1)

fi = − ∂U
∂ri

(1.2)

Forces fi are needed for each particle. They are obtained deriving the potential energy

U(ri), where rN = (r1, r2, ..., rN ) are all the space coordinates for each atom.

The interaction potential acting on each particle is defined as the sum of the following

contributions:

U(rN ) = Unon−bonded(rN ) + Uintramolecular(rN ) (1.3)

The non-bonded contribution is obtained by the interaction potential between particles that

are not connected by a bond. It is split into 1-body, 2-body, 3-body... interactions but,

usually, only the 1-body and 2-body terms are considered, neglecting the higher order ones:

Unon−bonded(rN ) =
∑
i

u(ri) +
∑
i

∑
j>i

v(ri, rj) + ... (1.4)

Where u(ri) corresponds to the potentials associated to walls or external objects and

v(ri, rj) is the interactomic pair potential between particles.

Finally, the interacting potential between bonded atoms is build up by four terms that

account for the energies stored in bonds, angles, dihedrals and impropers.

Uintramolecular(rN ) =
∑
i,j

Ubond(ri, rj) +
∑
i,j,k

Uangle(ri, rj, rk) +
∑
i,j,k,l

Udihedral(ri, rj, rk, rl)

+
∑
i,j,k,l

Uimproper(ri, rj, rk, rl)

(1.5)

7



Once the potential functions are defined, the forces applied at each particle are calculated

using the Verlet algorithm.12 This is a low order algorithm which does not involve storing high

derivatives values and allows timesteps to be increased as much as possible. The timestep

selection is crucial in the simulation. Having an NVE system where atoms, volume and

total energy must remain constant during the whole simulation, a timestep that fulfills this

conditions must be selected. In this study, a timestep of 1 fs has been selected following

previous works.13 This value is lower than the inverse of the highest photon frequency for a

crystalline Silicon solid.14

8



1.2.3 Interatomic potentials

Each pair of particles need at least to have one potential function defined in order to obtain

the force interactions. For this work, a Stillinger-Weber potential function has been used

for the Silicon slab. The Ziegler-Biersack-Littmark potential is used to recreate all collisions

and a Morse potential to define the bonded atoms of the droplet.

Stillinger-Weber potential

The Stillinger-Weber (SW) potential15 is a potential function first introduced by Frank H.

Stillinger and Thomas A. Weber in 1985. It comprises both two and three body interactions

and it is designed to describe Silicon interactions both in solid and liquid phases. This is

what makes it an exceptional potential function to reproduce forces between Si atoms in

a cubic diamond lattice from low temperatures up to temperatures surpassing the melting

point.

The general potential-energy function has the following form:

Φ(1, ..., N) =
∑
i

υ1(i) +
∑
i,j>i

υ2(i, j) +
∑

i,j>i,k>j

υ3(i, j, k) + ...+ υN(1, ..., N) (1.6)

Where υ1 corresponds to the single particle interactions with walls or external forces and

interactions higher than υ3 will be neglected. Thus, the two and three body interaction

potentials are defined as:

υ2(rij) = εf2(rij/σ) (1.7)

υ3(ri, rj , rk) = εf3(ri/σ, rj/σ, rk/σ) (1.8)

The f2 depends only on scalar distances whereas f3 accounts for translational and rotational

energy. A five-parameter potential family is selected for the reduced potentials f2 and f3.

9



Figure 1.2: SW potential function which vanishes for r = 1.8.

They are applied up until a cutoff r < a, after that point the potential vanishes Fig. 1.2.

f2(r) = A(Br−p − r−q)exp[(r − a)−1] (1.9)

f3(ri, rj , rk, ) = h(rij, rik, θjik) + h(rji, rjk, θijk) + h(rki, rkj, θikj) (1.10)

The function h belongs to a two parameter function:

h(rij, rik, θjik) = λexp[γ(rij − a)−1 + γ(rik − a)−1](cosθjik + 1/3)2 (1.11)

The most satisfactory values for the seven parameters chosen by Stillinger and Weber were:

A = 7.049556277, B = 0.6022245584, p = 4, q = 0, a = 1.8, λ = 21.0, γ = 1.2 (1.12)

10



Ziegler-Biersack-Littmark potential

The Ziegler-Biersack-Littmark potential or ZBL is a screened Coulomb potential that com-

putes the nuclear repulsion for high energy collisions between atoms. It was first introduced

the three authors in the book The stopping and range of ions in matter .16

The potential function proposed is of the form showed in Eq. 1.13 which contains an screen-

ing function Φ(rij/a). It is an exponential function (Eq.1.14) and its form is compared to

other known screeninig functions in Fig. 1.3. The parameter a in Eq.1.15 is the universal

reduced coordinate where a0 is the Bohr radius a0 = 0.529Å

EZBL
ij =

1

4πε0

ZiZje
2

rij
Φ(rij/a) (1.13)

Φ(x) = 0.18175e−3.19980x + 0.50986e−0.94229x + 0.28022e−0.40290x + 0.02817e−0.20162x (1.14)

a =
0.8853a0

Z0.23
i + Z0.23

j

(1.15)

Zi and Zj are the atomic numbers of the pair of atoms, e is the electron charge and ε0 is the

vaccum permittivity or electric constant.

11



Figure 1.3: ZBL screeninig function where the its argument x is defined as the distance
scaled with the universal reduced coordinate a

Morse potential

The Morse potential17 is named after the physicist Philip M. Morse who proposed it in the

year 1929. It is a better approximation than the harmonic potential for a bonded pair of

particles because it explicitly includes the effect of bond breaking.

U(rij) = De(e
−2a(rij−r0) − e−a(rij−r0)) (1.16)

Where r0 is the bond equilibrium distance and De is the dissociation energy which determines

the depth of the potential minimum observed in Fig. 1.4. The parameter a is defined as

a =
√
ke/2De where ke is the spring constant of an harmonic potential function.

12



Figure 1.4: Morse potential function.
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1.2.4 Statisticals Mechanics

Molecular dynamics simulations produce a huge ammount of data which basically consists

in the position and velocity of the millions of particles inside the simulation cell. However,

most of the time this is not enough to provide the desired results. For this reason, statistical

mechanics are needed to obtain such seeked properties. Statistical mechanics relate the

microscopic properties of single particles to the macroscopic ones related to the material.

Temperature

Temperature is computed in terms of the equipartition theorem. This theorem relates the

temperature of a system of particles to its average energy. The original idea of the theorem

is that, when the equilibrium is reached, the energy is shared equally by all its forms. For

example, in thermal equilibrium, the kinetic energy in one degree of freedom in translational

motion should be the same than in rotational motion.

The equipartition theorem predicts that the average energy of every degree of freedom is

1/2KBT and therefore contributes to 1/2KB to the system heat capacity. Thus, the average

total energy of a system with N particles must be 3/2NKBT . The average kinetic energy of

a control volume with N particles centered in a particle j is computed as:

Ek =
1

2

N∑
i

mi(v
i − 〈vj〉)2 (1.17)

Where 〈vj〉 is the average velocity in the control volume and mi is the mass of each i -th

particle. Therefore, the average temperature of that control volume is computed as:

T (xj) =

∑N
i=1mi(vi − 〈vj〉)2

3KBN
(1.18)
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Radial distribution function

The radial distribution function is of fundamental importance because it relates microscopic

details to macroscopic properties. It is needed to obtain information about the structural

phase of the Silicon slab by means of the Coordination Number (CN) computation.

The radial distribution function g(r) describes how density varies with distance from a

reference particle. In other words, if ρ = N/V is the number density of the control volume,

ρg(r) is the local particle density at a distance r from the center of it.

The radial distribution function at each point r is computed by determining the average

number of particles contained in a spherical shell between r and r + dr from the center of

the control volume as showed in Fig. 1.5. Then it is normalized with the number density of

the system ρ multiplied by the volume of the spherical shell 4πr2dr.

Figure 1.5: Particles contained in the spherical shell between r and r + dr of the control
volume.

Fig. 1.6 shows the different forms of the radial distribution function for solid, liquid and gas

structural phases of Argon. It is observed how the peaks of the radial distribution function

of the solid phase smooth out when the Argon melts and evaporates.

15



Figure 1.6: Radial distribution function for the Argon in solid, liquid and gas phases.

Coordination number

The coordination number (CN) is used to determine the crystallographic structure of a

crystal and its amorphization. The CN of an atom in a moelcule or crystal is the number of

neighbouring atoms bonded to it. It can be obtained by integrating the radial distribution

function in spherical coordinates up to the first minimum (r′) following the Eq.1.19.

CN(r′) = 4πρ

∫ r′

0

g(r)2dr (1.19)

For the Silicon, a coordination number of 4 indicates a crystalline Si phase. Around 4.2 the

Silicon is considered to be amorphous and for values of 4.6 Silicon it is considered to be in

a glassy phase. For CN = 5 and above it is in liquid state.18
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1.3 Literature review

The following section introduces relevant information and several published journal references

that have been essential to establish the basis knowledge of electrospraying amorphization

and sputtering studied in this work.

Sputtering

Sputtering is the process of ejecting atoms from a target surface after being collided by

energetic projectiles. In order to sputtering to be effective, the kinetic energy of the parti-

cles bombarded must be high enough and much higher than conventional thermal energies

(1eV).19,20

Sputtering is driven by a change of momentum during the projectile collision into the target.

When the target particles achieve levels of energy higher than the binding energy that holds

them to the surface, atoms leave the target. Sputtering is measured in terms of sputter yield

or rate which is the average number of particles ejected divided by the number of particles

or ions that the incident projectile has.

The most common type of sputtering is electronic sputtering. It is achieved by energetic

electrons or by highly energetic heavy ions that transfer the energy to the target by electronic

stopping power.21

After a prolonged exposition, sputtering erodes the target surface damaging it, which gen-

erally is not desired. However, there are some applications where it may become useful. It

is commonly used in thin-film surface deposition, etching and analytical techniques. The

film deposition is a type of physical vapor deposition which consists in the deposition of
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the sputtered atoms from the target into another material surface, the substrate. It has

many useful uses such as solar cells, optical components or semiconductors manufacturing.

Analysis techniques such as secondary ion mass spectometry (SIMS) use sputtering to etch

away the material while measuring its concentration using mass spectometry.

Amorphization of the Silicon

Amorphous Silicon is a material with huge applications in the industry. It can be achieved

by nanoprojectiles electrospraying which has been lately studied because this phenomenona

is not observed during macroscopic shock waves.22 The impact of macroprojectiles leaves

the target in a polycrystalline state.23

There is a difference between amorphous and glassy Silicon phases. However both are com-

monly referred as amorphous Silicon. The glassy phase is obtained when Si solidifies at

cooling rates that impede recristallization around 109K/s.24 On the other hand, the amor-

phous phase is obtained by other methodes such as milling, indentation, ion irradiation,

pressure-induced vitrifcation, etc.25

A high velocity droplet impact into a crystalline Silicon target amorphizes a region of com-

parable volume.26 This phase transition is mainly due to fast quenching. Droplet particles

do no penetrate deep into the surface but generate a collision cascade of knock-on Si atoms

that increase their thermal energy resulting in the melting of the collided area. The melted

area is quickly cooled down at rates of 1014K/s2 which exceeds the recristallization cooling

rate preventing the Silicon to recrystallize and therefore solidifying as a glassy region.
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Experiments on Silicon sputtering

As stated before, a wide range of macroscopic nanodroplets high energetic impacts have been

studied.27 Moreover, collisions at atomic level have been extensively experimented for a long

time.3 However, a intermediate range of nanometric droplets is yet to be fully understood.

Investigations on electrospraying nanodroplets by Fernández de la Mora et al. Ref.[28] im-

proved the understanding of electrospraying and allowed the first experiments on ionic liquid

nanodroplets impacts.29

Gamero-Castaño and Mahadevan early performed experiments of the bombardment of nan-

odroplets into single-crystal Silicon and polycrystalline Si. Sputtering yields between 1.5

and 2.5 were obtained for molecule kinetic energies ranging between 24.1 eV and 91.2 eV.

Furthermore, Borrajo-Pelaez et al. Ref.[1] experimented with single-crystals semiconductors

of Si, SiC, InAs, InP, Ge, GaAs, GaSb, and GaN obtaining sputtering rates between 1.9

for SiC and 4.5 for Ge. The case of Silicon was further analyzed. They pointed out that

the consecutive nanodroplet impacts damage the Si surface and leave craters that play an

important role in the interaction between the beamlet and the target. Thus, the sputtering

yield depends on if the surface have been previously collided.

Borrajo et al. Ref.[30] futher studied the effect of projectile molecular mass in sputter-

ing yields using the ionic liquids EAN and EMIMIm of 108 u and 391 u respectively. Impact

velocities ranged between 7-17 Km/s and experimental results showed a strong effect of

molecular mass in the sputtering yields which increase for more massive molecules.
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MD simulations on Silicon sputtering

Molecular Dynamics simulations have been used in order to fully understand the experimen-

tal sputering results obtained and to help determine the mechanism of sputtering. Moreover,

the effect of the molecular mass, droplet diameter and initial kinetic energy of the droplet

can be tested.

Saiz and Gamero-Castaño Ref.[31] used a pseudo-atom model to simulate the electrospray-

ing of EMIMIm nanodroplets. They found that the atom ejection is produced by collision

cascades and thermal sputtering. Collision cascades appear during the first moments of

the impact when the thermal equilibrium is not reached yet and the interactions between

projectiles and the target atoms are strong. Simulation results showed that the sputtering

yield increases monotonically with the initial kinetic energy of the particles in the droplet

and sigthly decreases with the droplet diameter. Sputtering for the EMIMIm appears for

the first time at molecular energies of 12.7 eV.

Further molecular simulations by Borrajo et al. Ref.[30] and Saiz and Gamero-Castaño

Ref.[10] confirmed that the higher the molecular mass of the projectile the higher are the

sputtering yields. When kinetic energy is distributed between fewer more massively parti-

cles, the collisions produce knock-on atoms with higher energies that initiate secondary and

tertiary collisions resulting in higher sputtering ratios. Moreover, results obtained showed

that the energy transfered to the target and the energy dissipated also increase with the

molecular mass of the projectile.
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Experiments on Silicon amorphization

Amorphous thin layers on Silicon targets have been obtained by pulsed laser irradiation.32

However, the amorphization mechanism here is not the melting and cool down of the crater

region since the surface temperature achieved with laser irradiation is below the melting

point. Thus, the responsible of the Si amorphization is a transition from a crystalline struc-

ture to a metallic beta-tin phase due to the high pressures achieved.33

Gamero et al. Ref.[2] studied the impact of beam electrosprayed nanodroplets not only

into Si waffers but also on other single-crystals to prove that they could also be amorphized.

In particular, they experimented with waffers of Si, Ge, GaAs, GaP, InAs and SiC using

EMIMIm nanodroplets of 27 nm of diameter at velocities between 2.84 and 7.06 Km/s.

Amorphization of thin layer surfaces was obtained for all the single-crystals but the SiC

which could not be amorphized at the higher velocity of impact 7.06 Km/s. They predicted

that the method of amorphization was the melting of the region surrounding the impact and

posterior quenching at ultrafast cooling rates.

MD simulations on Silicon amorphization

Saiz and Gamero18 performed MD simulations of the collision of a 10 nm nanodroplet into a

Silicon target at 6.4 Km/s. Simulations showed that amorphization results from the melting

and ultrafast quenching of the region around the impact area at cooling rates of 1013K/s.

They conclude that the reason of amorphization with nanodroplet impacts is the significantly

higher temperature fields and cooling rates compared to the ones obtained with macropro-

jectiles. Moreover, the amorphous region is obtained regardless of whether the fast kinetics

prevent the Stilling-Weber potential from reproducing the physical amorphous phase.
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Figure 1.7: Amorphous thickness ratio to the droplet diameter vs kinetic energy for different
projectile diameters.

Furthremore Saiz et al.9 performed MD simulations on different diameter nanodroplets and

at different velocities of impact in order to study its influence to the Silicon amorphization.

The study shows that amorphization of the target appears at velocities near 3 Km/s and

above. The thickness ratio to the projectile diameter increases with velocity until it reaches

a plateu around 4 Km/s at an amorphous thickness of 0.4 times the droplet diameter as it is

observed in Fig. 1.7. Additionally, they observed that the volume of the amorphous region

scaled linearly both with increasing kinetic energy and projectile diameter as Fig. 1.8 depicts.
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Figure 1.8: Volume of the amorphous Silicon region vs kinetic energy for different projectile
diameters.
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1.4 Objectives

The research detailed in this thesis is focused on introducing a new nanodroplet simula-

tion model: the atomic/molecule model; and verifying that the outcome of the simulations

is closer to experimental results than the one obtained when using the PA model. The

objectives of the study include:

• Comparison of the crater temperature fields during the impact.

• Comparison of the sputtering of Silicon atoms.

• Comparison of the amorphized region after the collision.

• Investigation on the effect of having unbreakable bonds in the AM model.
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1.5 Thesis Overview

• Chapter 1: Introduction of topic of interest.

• Chapter 2: Outline of the two models and properties of the simulations.

• Chapter 3: Discussion of the simulation results and comparison of the two models.

• Chapter 4: Summary of the findings in this study.
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Chapter 2

Simulation Methods

2.1 Simulation setup

Simulations of the nanodroplet collisions are performed using the LAMMPS (Large-scale

Atomic/Molecular Massively Parallel Simulator) software34,35,18 and run in a HPC (High

Performance Computing) cluster. A 3D grid global simulation box is used with a total of 36

processors: 4 in the z coordinate which is the direction of the collision and 3 processors for the

x and y coordinates. The simulation box dimensions are 271.55 nm x 271.55 nm x 461.64 nm.

It has periodic boundaries in the x and y directions in order to reproduce an infinite plane.

Real units are used and simulations of the impact are run for 100 ps. Equations of motion

are integrated with a timestep of 1fs for the first 10 ps31 and 4 fs for the rest of the simulation.
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2.2 Silicon target

The Silicon target is a rectangular (100) slab made of 755,000 Si atoms. The plane per-

pendicular to the collision measures 271.55 nm x 271.55 nm and slab has a depth of 203.66

nm in the direction of the impact. A Berendsen thermostat36,37 is applied to all boundaries

except the top face of the target in order to prevent shock wave reflections. The thickness

of the thermostat is 2.17 nm for the lateral faces and 3.8 nm for the bottom one.31 The slab

temperature is set to 293 K and it is relaxed for 200 ps. This equilibrium configuration is

used for the droplet impact simulations. A cubic diamond lattice is used for the Si target.

The unit cell dimension is 5.431 Å and it contains 8 full Si atoms. Stillinger Weber potential

energy function15 is used in order to describe interactions in solid and liquid phases between

Si atoms.

2.3 Nanodroplet models

The nanodroplets have a diameter of 5nm. Two different liquids are used in the simulations:

Formamide and 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (commonly

referred to as EMIMIm). Both have been previously studied in experimental analysis.38 The

number of molecules per droplet is chosen in order to match the liquid density. Table 2.1

resumes the liquids parameters.
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Table 2.1: Formamide and EMIMIm liquid molecule parameters.

Density

[g/cm3]

Molecular

mass [u]

Atoms

per molecule

Molecules

per droplet

Formamide 1.13 45.000 6 989

EMIMIm 1.53 391.312 34 153

Two molecule models are used in the droplet collision simulations. The first one is the pseudo

atom model (PA)18 previously used in MD simulations of nanodroplets collisions. In this

model, each liquid molecule is represented as a particle (pseudo-atom) with the same molec-

ular mass. The interactions between droplet molecules are only represented by the potential

function between those particles. The new atomic-molecule model (AM) presented takes

into account all atoms of each molecule. Intermolecular and intramolecular interactions are

included and bonds can break. For the AM model, the initial atom coordinates are obtained

by means of the Winmostar39 software for the formamide molecule and from Ref.[40] for the

EMIMIm. Each molecule is then brought to equilibrium at 0 K. The droplet is then built

up using the PACKMOL software41 which arranges all molecules evenly spaced inside a 5

nm diameter sphere so that initially they do not interact.

2.4 Interactive potentials

Interactive forces between particles in the PA model and between atoms that belong to

different molecules in the AM model are obtained using the Ziegler-Biersack-Littmark (ZBL)

potential function equations.16,30 The ZBL potential describes accurately the high energy

collisions between particles and only depends on the atomic number. Bonds in the AM model

are defined with a combination of the ZBL and Morse17 potential functions. The Morse
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Figure 2.1: Connection of the ZBL and Morse potentials by means of an interpolation spline
for the C-H bond in the Formamide molecule.

potential is a convenient interatomic interaction potential because it explicitly includes the

effects of bond breaking by including a potential minimum of dissociation energy. However,

a ZBL potential is still necessary to reproduce collisions. Therefore, the ZBL potential is

smoothly connected to the Morse potential at a bond length short enough where collisions

may occur. The connection is achieved by a 5 order polynomial exponential interpolation

as seen in Fig. 2.1. The 6 polynomial coefficients are obtained by matching the potential

function value, the first and the second derivatives at the inner and outer cutoffs. Those

cutoffs are determined minimizing the gap of the interpolation spline that will connect both

potentials.

The Morse potential function is shown in Eq. 1.16. Tables 2.2 and 2.3 collect the Morse

potential parameters for both liquids. The spring constant Ke and the equilibrium bond

length r0 are obtained from Ref.[42] for the case of formamide and from Ref[43] for the

EMIMIm. Dissociation energies are extracted from the Y. R. Luo Comprehensive handbook
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Table 2.2: Formamide Morse potential parameters.

ID bond r0 [Å] kr [Kcal/mol/Å
2
] De [Kcal/mol] a [1/Å]

1 C-H 1.100 635.4 81.7 1.972
2 C-N 1.360 860.0 100.8 2.065
3 C-O 1.230 1300.0 109.4 2.438
4 N-H 1.000 960.0 108.5 2.103

Table 2.3: EMIMIm Morse potential parameters.

ID Bond r0 [Å] kr [Kcal/mol/Å
2
] De [Kcal/mol] a [1/Å]

1 C-N 1.337 800.0 55.0 2.697
2 C-N 1.382 800.0 55.0 2.697
3 C-N 1.476 440.0 65.0 1.840
4 C-N 1.476 440.0 65.0 1.840
5 C-H 1.078 680.0 119.0 1.690
6 C-H 1.078 730.0 119.0 1.751
7 C-C 1.361 820.0 100.0 2.025
8 C-H 1.090 618.0 90.0 1.853
9 C-H 1.090 618.0 90.0 1.853
10 C-H 1.531 445.0 100.0 1.492
11 C-H 1.094 644.0 90.0 1.892
12 S-N 1.570 744.0 92.0 2.011
13 S-O 1.442 1274.1 122.0 2.285
14 C-S 1.818 470.8 90.0 1.617
15 C-F 1.323 883.6 125.0 1.880

of chemical bond energies .44 For the EMIMIm case, dissociation bond energies are obtained

from same chemical groups in other molecules. Due to this approximation, a complementary

model is simulated with larger dissociation energies so that bonds do not break. A bond

breaks at a length where its potential energy is 1% of the dissociation energy.

2.5 Nanodroplet parameters

Both droplet models are simulated for 5 different initial kinetic energies. Velocities are cho-

sen to match those energies according to the equipartion theorem. A characteristic time tc
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is defined as tc = Dp/vp. In order to obtain a better comparison between models, a dimen-

sionless time t∗ = t/tc is used. Table 2.4 resumes the five cases simulated.

Local temperature is computed at each j-th Si atom position using the method of average

kinetic energy of neighboring atoms (Eq. 2.1) within a spherical control volume of radius

10.818 Å:

T (xj) =

∑N
i=1mi(vi − 〈vj〉)2

3KBN
(2.1)

N is the total number of neighbor atoms, kB is the Boltzman constant, mi and vi are the

mass and velocity of the i-th neighbor. 〈vj〉 is the average velocity of all particles within the

spherical control volume centered on the j-th Si atom. Collision visualizations are obtained

using the Ovito software45 as seen in Fig. 3.1.

Table 2.4: Droplet kinetic energy and corresponding velocities and characteristic times for
the two molecule types.

Droplet energy (KeV) 2.81 5.00 7.81 11.25 15.31

Formamide
Velocity [km/s] 3.491 4.654 5.818 6.982 8.145

tc [ps] 1.432 1.074 0,859 0.716 0.614

EMIMIm
Velocity [km/s] 3.000 4.000 5.000 6.000 7.000

tc [ps] 1.667 1.250 1.000 0.833 0.714
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Chapter 3

Results

3.1 Temperature field

Fig. 3.1 shows a target slice aligned with the collision plane at t/tc = 1. The target

temperature computed at each Si particle location is depicted by a color scale. White

spheres represent pseudo-atoms in the PA models (Fig. 3.1a and Fig. 3.1c) while the AM

models (Fig. 3.1b and Fig. 3.1d) shows all the molecule atoms. The velocity of the impact

is 5.0 km/s for the EMIMIm and 5.818 km/s for the formamide droplet. After the impact,

a large amount of energy is transferred to the slab increasing its surface temperature. PA

models for both liquid types show higher temperatures around the collided droplet than the

AM models. Temperatures exceed 2000 K in the PA models, which is above the Silicon

melting point (1685 K at 1 atm). Tempereature fields for the PA models are different for

the EMIMIm and formamide whereas the AM models are quite similar for both liquids.
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Figure 3.1: Cross sectional temperature map view of the four models collisions at t/tc = 1,
with velocities of 5 km/s for the EMIMIm and 5.818 km/s for the formamide. (a) Formamide
PA model; (b) Formamide AM model; (c) EMIMIm PA model; (d) EMIMIm AM model.
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3.2 Energy transfer

During the droplet impact, most of the initial kinetic energy of the projectile EK,p is trans-

ferred to the target surface in the form of thermal energy ETh,t, translational energy ECM,t

and potential energy EP,t. The energy retained by the droplet after the collision is due to

the droplet rebound. Fig. 3.2 plots the evolution in time of these energies for the four

different models for velocities of 7 km/s in the case of the EMIMIm and 8.145 km/s for the

formamide. In order to compare energy values to the initial droplet kinetic energy, target

energies are normalized to their initial value and scaled with the initial kinetic energy of

the droplet (15.31 keV). Thermal energy is computed by adding the respective value of each

k-th particle Ek
Th = 1.5KBT

k where T k is obtained as defined in Eq. 2.1. Translational

energy is computed using the average velocity of the 10.8 Å spherical volumes used to obtain

particle temperatures. As obtained in Ref[10], most of the droplet kinetic energy is lost and

transferred to the slab in form of potential energy due to the large atom disorder around

the collision. The rest is exchanged in form of thermal and translational energy. The latter

has a peak at the moment of the impact and vanishes soon after that. The kinetic energy

after the impact for the EMIMIm PA droplet model in Fig. 3.2a is almost null. The colision

is inelastic, the droplet regains no kinetic energy after the colision and remains close to the

surface. On the other hand, the AM droplet models regain some kinetic energy after the col-

lision and rebound from the surface. Thermal energy acquired by the target in the EMIMIm

PA model is almost twice the value obtained by the AM models. There is no appreciable

distinction between the translation energy in the formamide PA and AM models whereas, it

is lower for the EMIMIm PA case. This is as a result of the highly energetic pseudo-atoms

penetration into the slab. EMIMIm droplets are build up only by 153 pseudo atoms. Each

of them carries 100.08 eV for the higher velocity case of 15.31 keV droplet projectile. There

are 989 pseudo atoms in the formamide droplet and they only carry 15.48 eV for the same

conditions. The atomic-molecule model presents even less particle kinetic energy values.
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Figure 3.2: Evolution in time of the (a) droplet kinetic energy and (b) potential, (c) thermal,
(d) translational target energies for the EMIMIm and formamide PA and AM models for a
droplet initial kinetic energy of 15.31 KeV.

The formamide AM droplet has a total of 5934 particles with an average kinetic energy per

atom of 2.58 eV ranging between 0.34 eV and 5.5 eV. The EMIMIm AM droplet is build

up by 5236 particles with 2.92 eV average kinetic energy per atom ranging between 0.25

eV and 8.13 eV. The collision of fewer but more energetic projectiles in the EMIMIm PA

case produce knock-on atoms with higher energies that generate more energetic secondary

and tertiary knock-on atoms.10 This is also appreciated in Fig. 3.3c, these knock-on atoms

contained in the outer crater layer are at extremely high temperatures. Moreover, the atoms

in the AM model are connected by intramolecular potentials so that they push each other

filling the gaps between droplet molecules resulting in a macroscopic rebound of the droplet.

On the other hand, the PA droplet molecules are only connected by the repelling ZBL in-
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Figure 3.3: Average layer temperature for the four models simulated at the highest droplet
initial kinetic energy. (a) Formamide PA model at 8.145 km/s; (b) Formamide AM model
at 8.145 km/s; (c) EMIMIm PA model at 7 km/s; (d) EMIMIm AM model at 7 km/s.

termolecular potential. They repel Si atoms isotropically resulting in a further penetration

into the slab and, therefore, the droplet does not bounce back as observed in Fig. 3.2(a).

Fig. 3.3 shows the average crater layer thermal energy for the four models simulated at the

highest droplet kinetic energy. Each layer has a width of 1.1 nm perpendicular to the crater

surface. The EMIMIm PA droplet transmits several times more thermal energy to the outer

surface layers than the other cases. The outermost layer has an average temperature greater

than 12000 K at the moment of the impact whereas the AM and the formamide PA models

only reach around 2000 K.
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3.3 Collision crater

Fig. 3.4 shows the crater at two different states of the collision (t/tc = 4 and t/tc = 8) for

the EMIMIm liquid PA models (pictures a-d) and AM models (pictures e-h) at velocities 5

km/s and 7 km/s. In Fig. 3.4e-h the AM model droplet rebounds with no atoms remaining

inside the slab leaving deeper craters for higher velocities. Fig. 3.4c (corresponding to the

EMIMIm PA model at 7 km/s at t/tc = 4) shows how the projectile particles penetrate

the slab much further than the ones in Fig. 3.4a which corresponds to the same model but

velocity 5 km/s. In Fig. 3.4b and Fig. 3.4d, which correspond to t/tc = 8, the pseudo-atoms

of the 5 km/s case rebound from the surface leaving only a 35% of the particles inside the slab

while at 7 km/s 95% of them remain inside the target after the collision. This causes that,

at some point, craters originated from collisions at higher velocities are more superficial than

the ones corresponding to lower velocities. Melted Silicon rapidly fills the gap generated by

the 7 km/s droplet and cools down. When the impacts are at lower velocities the Si surface

cools down while the droplet particles are bouncing back which leaves a deeper crater. This

phenomen can be appreciated in Fig. 3.5.

Fig. 3.5 depicts the crater left after 100 ps of simulation by the four models for all the different

droplet initial kinetic energies. Both AM models and the PA model for the formamide show

deeper holes for increasing impact velocities and AM and PA formamide projectiles leave

comparable craters of size and depth. The EMIMIm PA model shows the same behavior up

to 5 km/s, at that point the crater starts to become more superficial due to the pseudo-atoms

penetration into the slab.
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Figure 3.4: 4 EMIMIm collision of the projectile for the PA model and AM model at velocities
5 km/s and 7 km/s and for t/tc = 4 and t/tc = 8. (a) PA at 5 km/s for t/tc = 4; (b) PA at
5 km/s for t/tc = 8; (c) PA at 7 km/s for t/tc = 4; (d) PA at 7 km/s for t/tc = 8; (e) AM at
5 km/s for t/tc = 4; (f) AM at 5 km/s for t/tc = 8; (g) AM at 7 km/s for t/tc = 4; (h) AM
at 7 km/s for t/tc = 8.

Figure 3.5: Craters left after 100 ps of simulation for the AM and PA models for the five
different droplet initial kinetic energies.
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3.4 Sputtering

The number of sputtered atoms is represented in Table 3.1. Sputtering for PA models is low

for the formmide droplet but considerable for the EMIMIm. There are no Si atoms sput-

tered when using AM models. However, experimental results obtained in Ref[31] showed

sputtering for the same droplet diameter and velocities studied in this article. The reason to

that is that experimental sputtering is obtained after a sequencial bombardment of droplets.

The first droplets collisions amorphize and reshape the slab surface leaving a target more

susceptible to sputtering with the follow up impacts. On the other hand, the simulations

only take into account a single droplet collision into a perfectly shaped Si surface. Thus,

results obtained by the AM model are considered valid since sputtering is not possible for

the first droplet impact. Sputtering obtained by the EMIMIm PA model is due to the high

molecular mass of the liquid. EMIMIm pseudo-atoms have a substantially greater energy

per particle than the other models. The resulting knock-on atoms of the collision are more

energetic (as seen in Fig. 3.3c) so that they can overcome the surface binding and end up

being ejected. But this is not the real mechanism of sputtering observed in electrospraying

experiments. The AM models and also the formamide PA model have a significantly larger

number of particles than the EMIMIm PA droplet. The energy per particle is low and sput-

tering can not be achieved during the first droplet impacts.

Table 3.1: Number of sputtered Si atoms for the PA and AM EMIMIm and formamide
models at the five initial droplet kinetic.

Drolet energy (KeV) 2.81 5.00 7.81 11.25 15.31

AM
EMIMIm 0 0 0 0 0

Formamide 0 0 0 0 0

PA
EMIMIm 7 57 79 77 115

Formamide 0 0 0 1 2
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Figure 3.6: Coordination number field after 100 ps of simulation for the four models at the
highest droplet kinetic energy. (a) Formamide PA model at 8.145 km/s; (b) Formamide AM
model at 8.145 km/s; (c) EMIMIm PA model at 7 km/s; (d) EMIMIm AM model at 7 km/s.
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3.5 Amorphization. Coordination number

Fig. 3.6 shows the coordination number field after 100 ps of simulation for the highest

droplet initial kinetic energy collision. The blue region represents the Si atoms in crystalline

phase with coordination number CN = 4. Green particles have a coordination number

around CN = 4.3 and yellow regions correspond to CN = 4.6. The latter two cases are

respectively Si atoms in amorphous and glassy phase.18 Both result from fast quenching

at different cooling ratios. Formamide AM and PA models show similar structural phases.

The PA model presents some more glassy phase regions because it has been cooled down

from higher temperatures. The EMIMIm PA droplet presents a deeper amorphous region

than the AM model as a result of the particle penetration into the slab at this velocity range.
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Figure 3.7: Amorphous Silicon phase depth in function of initial droplet kinetic energy for
the four different models.
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Fig. 3.7 depicts information about the amorphous depth of the four different models for

different initial droplet energies. The amorphous region depth is taken from the bottom of

the collision crater and it is scaled with the droplet diameter for comparison purposes. As

pointed out in Ref[9], amorphous region does not appear until droplet energies higher than 3

KeV. From that point, the amorphous layer depth increases until reaching an asymptote at a

ratio of 0.6 times the droplet diameter. The EMIMIm PA model leaves a deeper amorphous

phase region due to the further penetration of pseudo-atoms into the slab which melts a

larger volume of Silicon that later cools down and changes to an amorphous phase.

3.6 AM model broken bonds

Fig. 3.8 shows the ratio of broken bonds for the formamide and EMIMIm projectiles at

different droplet initial kinetic energies for the atomic-molecule model. A bond is considered

to dissociate at a distance where its energy is 1% of the dissociation energy De. Only a low

fraction of formamide bonds break. However, the EMIMIm model presents high fractions of

broken bonds, specially for the more energized droplets which reach almost 40% of broken

bonds for some types. Fig. 3.8b shows that the lower the dissociation energy the higher the

probability of that bond to be broken after the collision. Nitrogen-Carbon bonds located in

the EMIMIm cation ring are the ones that tend to break more since they have the lower

dissociation energy. One can observe that there are different values of broken bonds for same

dissociation energies. They correspond to same bond types located at different positions of

the molecule. This implies that the break of a bond not only depends on the dissociation

energy but also on its location. At De = 2.4 eV, 35% of C-N bonds break from the N-CH2-N

side of the cation ring whereas a 38% of C-N break on the other side of the ring. At De

= 2.8 eV, results show that 25% of C-N bonds break releasing an ethyl radical located in
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Figure 3.8: Broken bonds ratio for the formamide (a) and EMIMIm (b) AM droplet models
for different projectile initial kinetic energies

the cation while 21% break freeing a methyl. Furthermore, there are four bonds with same

dissociation energy at around De = 3.9 eV. The bond with a higher fraction corresponds to

the C-S bond located in the EMIMIm anion whereas the other three types correspond to the

C-H bonds from the methyl and ethyl in the cation.

3.7 Strong-bond AM model

Due to the lack of experimental research on the EMIMIm bonds, bond dissociation energies

have been obtained from values of same chemical groups located in other molecules. For this

reason, additional simulations have been performed with bond dissociation energies ten times

stronger than the ones previously treated. These bonds do not break during the simulation.

The fraction of initial kinetic energy employed to dissociate the bonds is negligible. The

analysis verifies that the AM model with unbreakable bonds does not significantly affect the

outcome of the simulations.

Fig. 3.9 depicts the droplet kinetic energy, thermal, translational and potential target

energies of the EMIMIm AM models with normal and unbreakable bonds. It is observed
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Figure 3.9: Comparison of the kinetic droplet energy and thermal, translational and potential
target energies between the EMIMIm AM model and the EMIMIm AM model with strong
bonds for a velocity of 7 km/s.

that thermal and translational target energies are identical whereas the droplet kinetic energy

and target potential energy are slightly greater for the strong-bond model. The reason is

that the small energy that has not been employed to break molecule bonds is used to increase

the potential target of the slab and to increase the rebound of the droplet. Fig. 3.10 shows

the coordination number field after 100 ps using stron bonds. It presents the same structural

phases than the previous AM model.
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Figure 3.10: Coordination number field after 100 ps for the EMIMIm AM model with un-
breakable bonds for a velocity of 7 km/s.
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Chapter 4

Conclusion

4.1 Summary

The PA model show much higher temperature fields than the AM for both liquids. The

thermal energy absorbed by the slab after the pseudo-atom droplet collision is significantly

larger than the absorbed after the atomic/molecule projectile one. Droplets with high ini-

tial kinetic energy rebound when using the AM model but they do not for the PA simulations.

Pseudo-atoms particles for energetic projectiles carry large amount of energy per particle,

specially the EMIMIm liquid. These particles penetrate further into the Silicon slab and melt

a greater volume of Silicon. The crater left in this case is shallower than for lower velocities.

In contrast, the AM model leaves deeper craters for higher droplet kinetic energies because

there is no particle penetration.

No Si atoms are sputtered when using AM models. This is expected for a collision of a

single droplet into a perfectly shaped Si surface. However, the pseudo-atom droplets cause
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sputtering due to the high energy per particle they carry. The massive particles of this

model directly knock on atoms from the surface. The PA model does not reproduce the real

mechanism of sputtering of electrosprayed nanodroplets observed in experimental studies.

Both models show a similar amorphization of the Silicon for the Formamide projectiles but

not for the EMIMIm. PA droplet collisions develope a larger volume of amorphous Silicon

than the ones simulated using the AM model. This is again related to the high atomic mass

of the EMIMIm. Furthermore, the depth of the amorphous region asymptotes as expected

at a value of 0.6 for both AM models and the formamide PA one. However, it does not for

the EMIMIm liquid, which continues to increase reaching values of 1.

Bonds in the AM model start breaking for droplet kinetic energies greater than 10 KeV.

The ratio of broken bonds is higher for the lower bond dissociation energies. Additionally, it

is observed that the ratio of broken bonds also depends on their location inside the molecule.

Finally, the strong-bond analysis for the EMIMIm molecule shows that the droplet kinetic

energy employed to break bonds is negligible and the results obtained are almost the same

to the ones of breakable bonds. The strong-bond model shows a slightly bigger rebound of

the droplet and a minor increase of the target potential energy.

An atomic/molecule model with unbreakable bonds is the better option for Molecular Dy-

namics simulations of nanodroplets collisions.
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4.2 Recommendations for Future Work

The EMIMIm PA model shows substantial different results than the other three models sim-

ulated. Moreover, penetration of this particles into the Si target from a certain level of initial

kinetic energy causes that the remaining crater to be deeper at lower impact velocities. As

seen, one of the reasons is the high energetic particles from which the nanodroplet is built

up in this configuration. Additional simulations on this model could determine the nature

of this phenomena and if it is physically possible.

As expected, sputtering yields for a single collision of AM nanodroplets are null. In order

to relate sputtering ratios to electrospraying experimental results, new simulations of the

bombardment of nanodroplets into a Si target should be performed. Non zero sputtering

yields should be obtained from these simulations of collisions into an existing amorphized

crater.

A considerable number of bonds break in the AM models. It has been observed that the

probability of a bond to break depends on its dissociation energy as well as its location inside

the molecule. However, the chemistry after a bond breaks has not been taken into account

since new bonds cannot be formed. Adding a new interacting potential to the model that

generates new connections after a bond breaks would provide interesting data about the

formation of new chemical groups after the collisions.

The Morse potential function parameters for the EMIMIm AM model were obtained from

same chemical groups of other molecules. Although results show that the energy consumed

breaking bonds is low compared to the droplet initial kinetic energy, obtaining experimentally

those parameters would result in more accurate simulations.
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