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Preamble

All what should be known is here

nevertheless … 
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Outline

 (Reactive) Magnetron sputtering as an atom (molecule, cluster) source

 Molecular Dynamics principles

 Molecular Dynamics of sputtering

 Molecular Dynamics of reactive sputtering

 Molecular Dynamics of deposition

 Conclusions/Perspectives
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Plasma sputtering:
A controled atom source

atom sources: vapor at Tg (gas or evaporation : MB dist. of velocities),
Molecular beams (Ek 0.01 – 10 eV + Tg)
Sputtering (plasma, ion beam) 
 Thompson distribution of sputtered atoms
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Energy of sputtered Pt atom 

__ P = 0    Pa <E> = 15.  eV
__ P = 0.1 Pa  <E> = 10.  eV
__ P = 1.0 Pa  <E> = 1.7  eV
__ P = 2.0 Pa  <E> = 0.3  eV

Pressure effect on energy distribution:
P  f(E) MB,  f(E) and then <E> Sputtered Pt atom energy distribution

Target – substrate distance = 10 cm, Bias 300 V 
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Deposition Parameters
For Plasma Process Control

Deposition step

Pressure P
Bias Vb, Discharge current
Target to substrate distance

Sputtering step

Ar+ 

E Ar+

reactive species

Ar+ 

E Ar+ 

sputt. mat

 sputt. mat

E sputt. mat

Sputtering
Ion flux : 1 A = 6.25 1018 s-1

4’’ target => ion  1017 cm-2 s-1

sputtering rate (Vb)  0.01 - 3

Sputtered atom deposition
atom  1015at cm-2s-1

Sticking coefficient : 0.01 - 1
condensation

sputtering and deposition
 atomic scale processes
 MD is suitable
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Molecular Dynamics: 
Solving equations of motion :
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Velocity Verlet algorithm: universally stable.

Molecular Dynamics principles
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All the trajectories and deduced (statistical) quantities are depending on the 

interaction potentials:

- DFT and ab-initio initial parametrization

- Semi-empirical model  ad-hoc functions parametrized on macroscopic properties: 

lattice parameter, cohesive energy, surface energy, angles, elastic constants, 

bonds, … 

D. B. Graves & P. Brault, Molecular dynamics for low temperature plasma-surface interaction studies, J. Phys. D 42 (2009) 194011

S. Erkoc, Empirical potential energy functions used in the simulations of materials properties, Annual Reviews of Computational Physics IX (2001) 1-103
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Molecular Dynamics Simulations
Principles



Additive pairwise interactions:

Lennard-Jones potential

Morse potential

Buckingham potential

Molière potential

and ZBL potential

(rare gas – surface

and short range part)
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Molecular Dynamics Simulations
Potentials
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Molecular Dynamics Simulations
Potentials



3-body Potentiels but quasi pairwise

screened Vashishta potential

P. Vashishta, & al, in Amorphous Insulators and Semiconductors, eds. M. F. Thorpe and M. I. Mithova, NATOASI Series 3, Vol. 23 (Kluwer, 1997), p. 151
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Molecular Dynamics Simulations
Potentials



N-body reactive potential

REBO family

ou bien 
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Molecular Dynamics Simulations
Potentials



Tight binding – 2nd moment approximation
(transition métals catalysts)
True N-body potential : CPU time consuming
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Parametrized up to 5th neighbour F. Cleri et V. Rosato, Phys. Rev B48 (1993) 22
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Molecular Dynamics Simulations
Potentials
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Molecular Dynamics Simulations
Potentials

    
 


N

i

ii

N

i

N

jiji

ijij

N

i

ipot FrEE
11 ,,1 2

1
  




N

jj

iji rf
1,



 
2020

1

1exp

1

1exp

















































































e

e

e

e

r

r

r

r
B

r

r

r

r
A

r

Embedded Atom Method (EAM)
 energy of a solid is a unique functional of the electron density.
 uses the concept of electron (charge) density to describe metallic bonding:
 each atom contributes through a spherical, exponentially-decaying field of electron 

charge, centered at its nucleus, to the overall charge density of the system.
 Binding of atoms is modelled as embedding these atoms in this “pool” of charge, where 

the energy gained by embedding an atom at location r is some function of the local 
density.

 The total energy thus writes:

With pairwise function:
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Molecular Dynamics Simulations
Potentials
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Molecular Dynamics Simulations
Potentials

reactive force field : ReaxFF
(based on distance angle relationship initially proposed by Tersoff/Brenner)
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Molecular Dynamics Simulations
Potentials

Charge Optimized Many Body (COMB) Potential : 
adapted to reactive sputtering

Metallic

Ionic Covalent Bone/biocomposites

Aqueous biological systems

Interconnects

Corrosion/Oxidation

Thermal barrier coatings
Catalysts

Visual presentation of COMB potentials

S. R. Phillpot, S. B. Sinnott, Science 325, 1634 (2009).

Si, C/H/O/N

SiO2, Cu2O, Al2O3,

HfO2, TiO2, ZrO2,

UO2, ZnO, AlN, TiN
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Functional form of COMB potential

• Functional form of COMB potential:

•

• Self energy: fit to atomic ionization energies and electron affinities

• Interatomic potential: Charge dependent Tersoff + Coulomb

• Spherical charge distribution: 1s-type Slater orbital

•

•
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1 J. Yu, et. al., Phys. Rev. B 75 085311 (2007)
2 T.-R. Shan, et al., Phys. Rev. B 81, 125328 (2010)
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Collision is modelled by a coupling (electron-phonon, for metals) 
which introduces friction term in Newton equations of motion  Langevin

For example, Pt:  α-1 = 1.17 ps
Au: α-1 = 20 ps

Q. Hou et al, Phys. Rev. B 62 (2000) 2825

Thermalisation model

0.F v


As               , or some relevant criterion, the 
velocity should be rescaled during some
times  thermostat
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Molecular Dynamics Simulations
Energy dissipation


1

is the thermalisation time



other ways:

- velocity rescaling (Berendsen thermostat) :

v  v with:

 is the thermal relaxation time.
Ts is the targeted temperature (surface),
Tk is the kinetic temperature: Ek = kTk  ½ mv2

- Langevin thermostat :

Molecular Dynamics Simulations
Energy dissipation
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- Radial distribution function : Atom number between distances r and r+dr: 

- Concentration profile of:
• sputtering gas in the target, reactive species poisoning of the target
• sputtered (reacted) materials on/in a substrate

- Size distribution (in flight or on a substrate)

- Diffusion coefficient :

- … many other things … 
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Molecular Dynamics Simulations
Statistical information 

http://upload.wikimedia.org/wikipedia/commons/3/31/Lennard-Jones_Radial_Distribution_Function.svg
http://upload.wikimedia.org/wikipedia/commons/3/31/Lennard-Jones_Radial_Distribution_Function.svg
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Molecular Dynamics Simulations
Statistical information 

- Simulated X-ray patterns of:
• (reactively) sputtered target
• sputtered (reacted) film or clusters on/in a substrate

- Debye formula for calculating XRD patterns:

b=2sin(θ)/ λ and λ is the wavelength of the incident radiation, 2θ is the 
scattering angle, and rnm is the distance between atoms n and m. The functions 
fn(b) and fm(b) are the scattering factors for atoms n and m, respectively

𝐼𝑘 𝑏 = 

𝑛

 

𝑛≠𝑚

𝑓𝑛 𝑏 𝑓𝑚 𝑏
𝑠𝑖𝑛 2𝜋𝑏𝑟𝑛𝑚
2𝜋𝑏𝑟𝑛𝑚
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Molecular Dynamics Simulations
Sputtering

Pioneering work : H. M. Urbassek et al:

Boundary between low and high kinetic energy Ek = 100 
eV  if > 100eV par repulsive potential (binary collision) 
as Molière, ZBL, Kr-C

Describe collision cascade Ek > 1 keV

Studies mostly concerned by Ion Beam Sputtering …
… a bit different than plasma sputtering

• lower energy range 10 to 500 eV
• buffer gas  collisions :

o Energy distribution function is modified
o molecules, clusters formation
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Molecular Dynamics Simulations
Sputtering

reprinted from: T. Ono et al, in Reactive Sputter Deposition SSMS 109, D. Depla & S. Mahieu Ed., Berlin, 2008, pp. 1-42 

Available computer codes

DynamO : http://dynamomd.org/

http://dynamomd.org/


RSD2014 Ghent, 11 - 12 dec. 2014 24

Molecular Dynamics Simulations
Sputtering

To what we have to pay special care in addition to the interaction potentials

Ion flux : 
Exp. 1 1017cm-2 s-1 (*)= 10 ions / 10x10 nm2 / s          (*) 1A on 4’’ target
MD 1 ions/10x10 nm2/2 ps

Integration timestep dt
Evolves as                                                    (E < 1eV : dt  1 fs, except quick motion bound H 0.1 fs)
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Thermal relaxation
• Choose a relevant ion realease time: i.e. 

greater than thermalisation time
• Choose a relevant thermostat (region i.e. 

what should thermostated) with this
relevant time

• For sputtering one can guess that only the 
substrate should be thermostated

NB a neutral-atom potential is appropriate because the incident ion is neutralized well before 
impact by a fast Auger process or resonant charge transfer
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Molecular Dynamics Simulations
Sputtering: effect of the potential

Side-view snapshots of Si(001) targets irradiated by 500 
eVAr atoms at 45° incidence, with doses (bottom to top): 
(a) 0.48 1014 Ar/cm2, (b) 2:14  1014 Ar/cm2, and (c) 4:26  
1014 Ar/cm2.

The white, dark gray, and light gray circles represent the 
atoms initially in planes 1, 8, and 17, respectively 
(counted from the top), 

and the black circles are implanted Ar atoms. 

All other atoms are represented by small dots.
The left column shows the MEAM simulation results, the 
right column the SW results. Under each snapshot the 
number of sputtered monolayers is indicated.

SW Stillinger-Weber : Tersoff-like potential
MEAM Modified EAM for including bond angles

Molecular dynamics simulation of silicon sputtering:  sensitivity to the choice of potential
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Sputter burst event occurring in the MEAM 

simulation: 

(a) situation just before Ar impact (arrow), 

highlighting the 13 Si atoms that

will eventually be sputtered; 

(b) five Si dimers and one Si trimer ejected from 

the surface. The Ar atom is still visible in the 

surface region.

Molecular Dynamics Simulations
Sputtering: effect of the potential

MEAM fitted to DFT results, but spurious
thermal effects are occuring.
Lesson : even when using potentials that 
are well fitted to first-principles data,
one should be extremely cautious and 
never stop validating (experimentally) 
results.
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Molecular Dynamics Simulations
Sputtering: sputtered atom data

Molecular dynamics simulation of Cu and Ar ion sputtering of Cu (111) surfaces
J. D. Kress, D. E. Hanson, A. F. Voter, C. L. Liu, X.-Y. Liu, and D. G. Coronell, JVST A 17, 2819 (1999)

250 eV



50 eV

100 eV



50 eV

Comparison with  experiment 
(), the formula of Yamamura et 
al. (), the present MD 
simulation (), the MD simulation 
of Shapiro and Tombrello (x), and 
binary collision simulation (*)

Experiments (   , , ),
empirical
formula (), binary collision (*) 
previous MD simulation (x); 
present MD ()

Potentials
Cu – Cu : EAM
Ar – Cu : ZBL
Ar – Ar : Molière.

Energy distributions
 pair potential
 EAM potential

Ghent, 11 - 12 dec. 2014
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Molecular Dynamics Simulations
beyond magnetron sputtering (I)

Helium interaction with tungsten

Our Work: Ph D thesis work of L. Pentecoste at GREMI

Nordlund: K.O.E. Henriksson, K. Nordlund, J. Keinonen , Molecular dynamics simulations of 
helium cluster formation in tungsten, Nuclear Instruments and Methods in Physics Research B 
244 (2006) 377–391

Discrepancy between Md and SRIM at low enrgies.
Discrepancy between MDs : HeW potentials

He bubble formation and W flaking off 
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Molecular Dynamics Simulations
beyond magnetron sputtering (II)

Sputter etch: compound sputtering  Ar+ on GaAs

Emilie Despiau-Pujo, Pascal Chabert, and David B. Graves, Molecular dynamics simulations of GaAs sputtering under low-energy argon ion 
bombardment, JVST A 26, 274 (2008)

 Concentration profiles show a top surface
enrichment of As, a subsurface depletion
of As, then a return to stoichiometry
deeper in the solid

 Good agreement with ARXPS and AES
analyses* of GaAs surfaces exposed to
higher bombardment energies [0.5;5keV]
but with Ga/As ratios closer to unity

 Ga preferential sputtering and As cross-linking
initially occur on top surface

 More than 97% of sputtered species are single
atoms, in good agreement with experimental mass
spectrometry studies*

 Thermal desorption is necessary to get steady
state
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Molecular Dynamics Simulations
reactive magnetron sputtering

None about this topics except reactive ion etching !!

Why ?
1/ complicated :

reactive species: neutral, radical, dissociation, ionisation
Target poisoning
molecule formation with sputtered materials

2/ problem with time and length scales
especially for reactivity during transport to substrate

-
3/ Availability of metal-oxide, nitride, carbide potentials

COMB   (TiO, Nx, SiOx, AlOx, HfOx, ZnO, …)
and REBO    (B, C, H, N, Si, O)
and ReaxFF (C, H, N, Si, O)

4/ how to ?
Ion flux:                       1. 1017cm-2s-1 

reactive neutral flux:  few 1017cm-2s-1

Problem : how to describe molecule formation ?
Trick: use P.d of the experiment and increase P and decrease d accordingly
collison number being  P.d

 above the surface  1 to 100
i

n

n

n
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Molecular Dynamics Simulations
Condensation during the flight

If gas pressure large enough (as for gas condensation) clustering of sputtered atoms occurs during the 
flight to the surface 

(a) The biggest cluster before the 
collision. (b) The new cluster 0.165 ns 
after the collision or at 16.4 ns of the 
overall simulation time. (c) The cluster 
at 11.3 ns after the collision or 27.5 ns 
of the overall simulation time.

Snapshots of a simulation (800 K inert gas
temperature, Ar:Fe 2:1, ρ(Fe) = 0.07 mol dm−3) after
2.3 ns simulation time. Beige: argon; grey: iron in 
unordered structures, orange: iron in an icosahedral
environment.

N Lümmen, T Kraska, Investigation of the formation of iron nanoparticles from the gas phase by molecular dynamics simulation, Nanotechnology 15 
(2004) 525–533; Molecular dynamics investigations of the coalescence of iron clusters embedded in an inert-gas heat bath, Phys. Rev B 71 (2005) 205403
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Molecular Dynamics Simulations
Sputtering deposition

Focus on complex materials: metallic glass , high entropy alloys and metal oxides

recall: Energy distribution of incoming species at the substrate position .
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MD flux: 1 at/100nm2/2ps i.e.  0.5 at nm-2 ps-1 

Exp flux: 1015at cm-2s-1 i.e.  10 at nm-2s-1 !

So time between releasing each depositing
atoms should be greater than thermalisation 
time : a few ps

Released total number: 10000 at. 
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Metallic Glass ZrxCu100-x deposition

Experiment Zr (eV) Cu (eV) Experiment Conditions

1 7.65 6.67 dT-S= 9 cm, P = 0. 25 Pa, Target bias = 300 V

2 12.6 9.61 dT-S = 7 cm, P = 0.03 Pa, Target bias (Zr) = 460 V, Target bias (Cu) = 490 V

3 0.13 0.34 dT-S = 7 cm, P = 3 Pa, Target bias (Zr) = 460 V, Target bias (Cu) = 490 V

Composition
A « vapor » is created with the appropriate
composition, in which an atom can be selected with
random position and velocity selected in the 
relevant distribution.
Differences between vapor and targeted
composition inform about differential sticking

Zr46Cu54 (3265/3765)

→ 10000 released atoms,  around 7000-9000 
stick with the targeted composition. 



ZrxCu100-x Snapshots
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Crystal 
name

Structure First neighbor 
(Å)

Second 
neighbor (Å)

Third neighbor 
(Å)

Fourth 
neighbor (Å)

Zr HCP 3.20 4.53 5.15 5.57

Cu FCC 2.55 3.61 4.43 5.11

Amorphous structure on a wide range as observed in the experiments

ZrxCu100-x Radial Distribution Functions
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ZrxCu100-x

X-Ray diffraction

Experimental and simulated X-Ray diffraction patterns. MD correctly reproduces the 
transition from Zr to Cu rich experimental XRD pattern evolution.

Lu Xie, Pascal Brault, Anne-Lise Thomann, Larbi Bedra , Molecular dynamic simulation of binary ZrxCu100-x metallic glass thin film growth, Appl. Surf. Sci. 274 (2013) 164–
170
L. Xie, P. Brault, J.-M. Bauchire, A.-L. Thomann, L. Bedra , Molecular Dynamics simulations of clusters and thin film growth in the context of plasma sputtering deposition, 
J. Phys D 47 (2014) 224004 (invited article)
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ZrxCu100-x

Comparison using conditions 1 & 2

Snapshots of Zr90Cu10 in experiment 1 (A) and experiment 2 (B) 
deposited on Si(100) substrate with their specific orientation 
showing the crystal structure. Solid line in B is used to separate 
the amorphous and crystalline structures. Excess Energy serves 
as amorphization of the film top

Experiment Zr (eV) Cu (eV)

1 7.65 6.67

2 12.6 9.61
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ZrxCu100-x Low energies : condition 3

Zr90Cu10

Experiment Zr (eV) Cu (eV)

3 0.13 0.34

Low energy: polycrystalline
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S1 S2 S3

●Al, ●Co, ●Cr, ●Cu, ●Fe, ●Ni, ●Si 

HEA : AlCoCrCuFeNi
Thin film growth

Composition => Important effect on the structure 

Sim. XRD

RDF

L. Xie, P. Brault, J.-M. Bauchire, A.-L. Thomann, L. Bedra , Molecular 
Dynamics simulations of clusters and thin film growth in the context of 
plasma sputtering deposition, J. Phys D 47 (2014) 224004 

Low diffusion
small substrates



thin film
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HEA: AlCoCrCuFeNi
Deposition and Annealing from 25 to 1200°C

quasi equimolar AlCoCrCuFeNi deposition: 
1309/1205/1293/1357/1348/1354 atoms → Al17Co15Cr17Cu17Fe17Ni17

<E> = 1 eV for each element
Sticking = 0.80 env. 
Substrate Si(100) 100x100 Å2



Cluster coalescence/melting around 700°C
Above 700°C, staircase structure of RMSD corresponding to stepwise cluster melting
→ consistent with thermal relaxation time: ps range
→ consistent with experiment (Temperature resolved XRD : 600°C)

HEA : AlCoCrCuFeNi
Annealing from 25 to 1200°C

41
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HEA : AlCoCrCuFeNi
Temperature Controled XRD

Temperature XRD
V. Dolique et al, Surface & Coatings Technology 204 (2010) 1989–1992

Comparison between Experiments and Simulations
Transition bcc →  fcc when T° increases
No crystallisation
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MgxAlyOz thin films grown on a MgO (100)

V Georgieva, M Saraiva, N Jehanathan, O I Lebelev, D Depla and A Bogaerts, Sputter-deposited Mg–Al–O thin films: linking molecular
dynamics simulations to experiments, J. Phys. D: Appl. Phys. 42 (2009) 065107

Two potential sets with full (FC) and 
partial (PC) charges 

Snapshots of MgxAlyOz thin 
films using FC potential: 
compared successfully to 
sputtering exp.

FC

PC

Complex Metal Oxide growth
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Conclusions/Perspectives

 Conclusion
MD is appropriate for inght into basic mechanisms of sputtering and deposition, 
provided close connection and comparison to experiments are met
Especially initial conditions and energy treatment during interactions.

 Challenging perspectives
Investigation of the reactive sputtering processes at the molecular scale
Complex oxide materials deposition: beyond pair potentials
Complex substrates (porous, …)
Coupling MDS of sputtering and deposition to reactor models
Suitable potential (ReaxFF, COMB, REBO, …)

Many thanks for your attention


