
FAKULTAS MATEMATIKA DAN ILMU PENGETAHUAN ALAM
UNIVERSITAS PADJADJARAN

OCTOBER 2015

ANNUAL REPORT

INTERNATIONAL RESEARCH COLLABORATION AND SCIENTIFIC
PUBLICATION

ATOMISTIC STUDY OF MATERIAL DYNAMICS INDUCED BY LASER
AND ION IRRADIATION

Year 2 from 3 years research duration

Principal : Dr.rer.nat. Yudi Rosandi, M.Si. (NIDN.0008087106)
Member : Dr. Irwan Ary Dharmawan (NIDN.0031057202)



ii



iii



Contents
LEMBAR PENGESAHAN iii

List of figures v

List of appendices vii

SUMMARY viii

1 Introduction 1
1.1 Track Record on Ion and Laser Irradiation of Surfaces . . . . . . . . . . . . . . . . . 1
1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Research Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Literature Study 4
2.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

3 Methods 6
3.1 Study on Electron Dynamics and Electron-Phonon Coupling . . . . . . . . . . . . . 6
3.2 Hybrid Molecular Dynamics Simulation . . . . . . . . . . . . . . . . . . . . . . . . 6
3.3 Smoothed Particle Hydrodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.4 Research flow diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

4 Results 11
4.1 Review of first year’s result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.2 Achievement up to the second year . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.3 Melting of Al Induced by Laser Excitation of 2p Holes . . . . . . . . . . . . . . . . 13
4.4 Subsurface channeling of keV ions between graphene layers . . . . . . . . . . . . . 20
4.5 Compaction and plasticity in nanofoams induced by shock waves . . . . . . . . . . . 32

5 The current state and the next projects 38
5.1 Ablation of nano-porous material . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.2 Hyperbolic model of electron thermal diffusion . . . . . . . . . . . . . . . . . . . . 38

References 39

Appendix A: Published papers 42
Melting of AL induced by Laser Excitation of 2p Holes . . . . . . . . . . . . . . . . . . 43
Subsurface channeling of keV ions between Graphene layers: Molecular Dynamics sim-

ulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Molecular dynamics study of amorphous SiO2 relaxation . . . . . . . . . . . . . . . . . 59
Numerical model of heat conduction in active volcanoes induced by magmatic activity . 67

Appendix B: Paper drafts 74
Shockwaves in Al nanofoams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

iv



List of Figures
1 The illustration of grazing ion induced surface pattern formation on metal surface. . . . 2
2 Sketch of a target with a grating structure on the surface. The laser irradiates from

below. Height and width of the grating are denoted by h and w. Lateral periodic
boundary conditions are used such that the trenches are spaced at a distance d. At
the top of the simulation cell, non-reflecting boundaries are implemented to mimic
a semi-infinite target. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3 Electron (left) and atom temperatures (right) shortly (100 fs) after irradiating the grat-
ing structure of Fig. 2 with a laser from the bottom side. The horizontal and
vertical axes give the grid number of the finite-difference discretization. Note the
curvature of the isotherms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

4 Gold nano-porous to be analyzed thermodynamically and mechanically using hybrid-
simulation scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

5 Flow diagram of the proposed research. Items in ellipse indicates the result or infor-
mation that is obtained by the preceding research activity. Blocks indicate the final
results of research activity those are potential for publication or to be registered as
intellectual property. Arrows indicate the research process, unrelated to the time
of the activity that is being performed. . . . . . . . . . . . . . . . . . . . . . . . . 10

6 Difference DV (r) between the interaction of an excited atom and a ground-state atom
to that between two ground-state atoms. Data points show our results obtained with
WIEN2k and the solid line shows the fit to the WIEN2k data that has been used
in our molecular dynamics simulations. Insert shows part of the 32-atom supercell
used to determine the interaction between a core-hole-excited and a ground-state
Al atom: One 2p3/2 electron has been excited from the red atom to the conduction
band. In addition, one of its nearest neighbors is displaced along the line connect-
ing it with the excited atom, as indicated by the purple arrow. . . . . . . . . . . . 14

7 Sketch of the excitation and de-excitation process. The potentials plotted are the dimer
potentials for Al0-Al0 (ground state) and Al0-Al2p (excited state). Both transitions
are idealized to occur at the respective potential minima; in the simulation, the
de-excitation process will occur from a random position. . . . . . . . . . . . . . . 14

8 Temporal evolution of the electron (dashed) and atom (full) temperatures in the laser-
excited slab for two values of the laser pulse width s. . . . . . . . . . . . . . . . . 17

9 Snapshots of the Al film at times of 2, 3 and 5 ps after laser irradiation with a pulse
length of 400 fs. Color denotes the local-order parameter. . . . . . . . . . . . . . 17

10 Time evolution of the local-order parameter in the laser-irradiated slab for concentra-
tions p of core holes and a laser pulse width s = 4 fs. . . . . . . . . . . . . . . . 18

11 Change in lattice temperature caused by core-hole excitation and de-excitation of Al
atoms. Results are shown for the actual lifetime of the core hole of t = 40 fs and
also for an artificially increased lifetime of t = 400 fs. Results are provided for
two values of the concentration p of core holes in the lattice for a laser pulse of 40
fs width. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

12 Sketch of the target surface, showing (a) top view and (b) side view. Brown circles
show the uppermost Si atoms of the Si-terminated SiC (111) substrate. Full black
circles denote C atoms of the fist graphene layer; open black circles denote C atoms
of the second half-layer. The C atoms of the SiC substrate are not shown. The
impact area is outlined with blue borders. Dh = 3.354 Å is the graphene interlayer
distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

v



13 Sputter yield of a 3 keV Xe+ ion impinging at 83� on a graphene-covered SiC crystal
as a function of the ion impact point x in front of the step. Only C atoms originating
from the graphene cover are sputtered. . . . . . . . . . . . . . . . . . . . . . . . 22

14 Channeling probability of 3 keV Xe+ ions impinging at 83� on a graphene-covered
SiC crystal as a function of the ion impact point x in front of the step. . . . . . . . 23

15 Top and side view of a direct-hit event. Colors indicate height above the substrate.
The projectile trajectory is indicated in silver. . . . . . . . . . . . . . . . . . . . . 25

16 Top and side view of an indirect-hit event. Colors indicate height above the substrate.
The projectile trajectory is indicated in silver. . . . . . . . . . . . . . . . . . . . . 26

17 Top and side view of a channeling event. Colors indicate height above the substrate.
The projectile trajectory is indicated in silver. . . . . . . . . . . . . . . . . . . . . 26

18 Top and side view of a hyper-channeling event. Colors indicate height above the
substrate. The projectile trajectory is indicated in silver. The creation of two 5-7
defects has been marked. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

19 Evolution of the projectile kinetic energy as function of the path length traveled. (a)
Direct-hit event shown in Fig. 15. (b) Indirect-hit event shown in Fig. 16. (c)
Channeling event shown in Fig. 17. (d) A hyper-channeled event, Fig. 18. The
dashed line is a fit assuming a constant energy loss to dE/dx = 5.73 eV/Å. . . . . 28

20 Side view snapshots showing final damage after impact. Colors denote height above
the substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

21 Side view showing buckling of the upper graphene layer after impact. Colors denote
height above the substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

22 Top view snapshots showing the emergence of a surface wave in the graphene top
layer, taken at 0.15, 0.23, 0.37, 0.67 and 1.20 ps after ion impact. Colors denote
height above the substrate. The white point indicates the projectile. . . . . . . . . 30

23 Snapshots of the sample with filling factor f0=0.25 at times of (a) 0 (b) 20 (c) 40 (d)
60 (e) 80 ps. Local atomic structures are identified by adaptive CNA. Dark red:
fcc; grey: other. The simulation is performed for a piston speed of Up = 0.7 km/s.
The shock wave runs upwards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

24 Dislocation pictures for Up = 0.7 km/s and f0 = 0.25 at times of 0 (bottom), 20, 40,
60 and 80 ps (up).. White: filament surfaces. Dislocations colored by Burgers
vector: blue: b= 1

2h110i, red: b= 1
6h112i, pink: b= 1

6h110i. Picture rendered by
DXA and Ovito. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

25 Spatial profiles of the (a) atom velocity in z-direction, vz, the (b) stress components
parallel to the shock wave propagation direction, pzz, (c) shear stress, Eq. (9),
(d) local filling factor and (e) temperature using foams with initial filling factor
f0=0.25 (top), f0=0.5 (middle) and f0=0.75 (bottom). The simulations are per-
formed at piston speed Up = 0.7 km/s. The changes in slope in the velocity profile,
vz, (a) and the stress profile, pzz, (b) are exemplarily marked by dots. For clarity
the profiles have not been plotted at all times. . . . . . . . . . . . . . . . . . . . . 35

26 Shock wave velocity V detected in the simulation (symbols) compared to the theo-
retical expectation, Eq. (12), as a function of the piston velocity Up for different
filling factors f0. The full line indicates the limiting behavior, V =Up. . . . . . . 36

27 Length of the non-collapsed part of the foam together with theoretical expectations
of Eq. (13) (dotted) and of Eq. (14) (solid) for a foam of density f0 = 0.75. . . . . 37

28 Preliminary result of ablation of Aluminum nano-porous with visible light at 1.5
eV/atom at surface. Color code is temperature, BLUE:0K, RED:4000K. Laser is
incident from left to right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

vi



List of appendices
1. Published papers

2. Paper drafts

vii



SUMMARY

Laser assisted material processing has been used since decades ago. This method is one of the most
popular techniques, and one of the promising tools to improve the technology of nano-scale device
engineering. Laser ablation is a method to remove material by means of photon energy absorption.
The application spreads in a very wide area in medical and engineering, such as tissue- or material-
removal and material processing. However the study of the mechanism of laser-material interaction
is still ongoing and the underlying theory has not completely been explored. Using the short
pulse laser in femto-second pulse-width range, it is possible to probe experimentally the material
responses in extremely short time duration (pico- to nano-seconds). This allows the detailed study
of responses and gives one to one comparison between theoretical predictions and experiment
results. However the initial processes take part at short time in tens to hundreds of femto-seconds
after the laser irradiation is not completely known.

Another energy source that is also common for surface nano-machining is the ion-beam. In this
case the ion is bombarding the surface, and the amount of deposited energy characterize the pattern
on surface. The surface morphology is related to the type of bombarding ion, the fluence, and the
geometrical configuration of ion beam, that is the angle of incidence. The potential application of
ion beam for nano-lithography promising. Nowadays, the popular method is using the so-called
Focused-Ion-Beam (FIB).

In this proposal we focus to study the processes of material at pico-second time scale us-
ing computer simulation methods and longer time scale using Smoothed-Particle-Hydrodynamics
method. A so-called Two Temperature Model (TTM) has made an accurate computer simulation
of the laser-material interaction possible, by coupling the electronic and lattice temperatures. The
method has been used to simulate realistic material responses such as ablation mechanism, void
formation and Coulomb explosion of material by high intensity laser pulses, as well as the Swift

Heavy Ion.
The yearly plan of the proposed research is the following; In the first year we will start with

theoretical study and modeling of electron dynamics. The electron will be approached from two
approximations: the thermal diffusion model and the fluid flow model. In the second year, we will
do the hydro-dynamics study of sputtering and pattern formation on surface. In this stage we plan
to start comparing the theoretical observation with experiment data of surface nano-patterns. In
the third year we will concentrate in further analysis of surface structures. In this stage we will
have all the programming tools needed to simulate systems with various configurations.

Keywords: Laser Ablation, Ion Bombardment, Two-Temperature Model, Molecular-Dynamics,

Smoothed Particle Hydrodynamics
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1 Introduction

As electronic devices are getting smaller and smaller, the nano-fabrication technology has to be
continually improved to operate in this scale with reliably high precision. In this order of size
the fabrication is beyond the capability of conventional chemical etching techniques. This situ-
ation urge the exploration of new methods, among those are ion-assisted etching with Focused

Ion Beam, femto-second laser ablation, and laser-assisted particle deposition [Gierak et al., 2001,
Watt et al., 2005, Ahn et al., 2012]. However, the atomistic processes and mechanism occurs in
nano-scale lithography are not completely explored. Those demanding applications trigger a more
intensive study in the field of theory, computation, as well as experiment, with the expectation that
more effective and economical method can be discovered.

From the theoretical point of view, the process occurs at surfaces is one of important discus-
sions. Mechanisms at surfaces due to energy deposition by ion beam and photon (LASER) are
still becoming question marks that have to be answered. Phenomenon, such as Laser Induced

Surface Structure (LIPSS), has not been fully understood. Studies on this issue is still ongo-
ing. Although the phenomenon is actually discovered more than a decade ago[Sipe et al., 1983,
Zhakhovskii et al., 2008, Skolski et al., 2010].

With another method, ion-beam energy deposition induced also characteristic pattern on sur-
faces. Nevertheless, the mechanism is completely different compared with those induced by
LASER. Some models have been proposed to explain the pattern formation, such as the Bradley-
Harper theory [Bradley and Harper, 1988], and also a more recent crater function theory. These
theories need to be examined in various conditions, in order to find out the limitations on different
materials and different amount of energy deposition.

For a much smaller ion fluence, one finds a completely different mechanism. Here, the so called
ion channeling plays role. The pattern induced by single ion has been able to visualized using re-
cent microscopy technique, i.e. Scanning Tunneling Microscopy. The phenomena was discovered
from both computational method and STM measurement [Redinger et al., 2010]. In this regime,
it is discovered that the preexistent surface damage has important effects in ruling the damage at
surface [Rosandi and Urbassek, 2006, Rosandi and Urbassek, 2007, Redinger et al., 2009].

1.1 Track Record on Ion and Laser Irradiation of Surfaces

We have already done the research in this field (ion/laser irradiation of surfaces) for many years.
This is implemented in the MoU between two collaborating universities signed in 2010. We
have built the theory of single ion impact at grazing incidence on metal surface corroborated
with computation study and direct observation using Scanning Tunneling Microscopy experiment
[Redinger et al., 2010]. Our work displayed in convincing manner the role of single impact of low
energy ion as the initial process of surface nano-patterning. Beside metals, we also investigated
the same phenomena occurred in semiconductor material[Rosandi and Urbassek, 2012]. Our the-
ory is based on the atomistic view of the initial stage of nano-pattern formation, shown in figure
1. However, many questions still persist, one of those is the long time transient behavior of the
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