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1. INTRODUCTION

| electrona upon the interaction of a luserp

has been used for many years already for varlius purposes [neluding oo
surface cleaning and pulsed Tguer dape
laser heams far [mieroatruciring S

§ i =
Laser ablauion, '™ the temoval of atoms, ions, clusters, molecules and

with & target of a given material,
removal of tissue in surpery &s weoll as micromachining, micToSUFEeErY,
{PLD) of thin flms? in microetectronics. Despite the extepsive use of
of the numerous mechanisms leading to ahlation is still lacking.

have allowed the limits of computational technique
(MDY has been used Lo study varold Sy
jew materials which either have 1ab
d. As a mateer of fact, the w0 tuct

forces are known, appears parti

complete ploture
imcreasingly powerful computers

Among them, molecular dynamics
allowing. more recently, the properties af t
investigated or remain to this day inaccessible to experiment to be predicte
which provides the motiion of atoms in real time when the interactomic
suitable for the study of laser ablation, as it involves many different phenomend; no hvpothesis about i
are needed, only the interatomic potential having to be defined. However, as pointed out by Fhigilen ef &l
eollective nature of the phenomenon. a5 well as the relatively long time seale. hamper the study of L
through brate force MD simulations; thus there have been very few attempts® ® until now. In order Lo
difficulties. Zhigitei ex al. have developed 2 breathing-sphere model®®® for the MD simulations of laser
and desorpiion of organic solids. where each molecule is represented as a sphere pOsSESEITE single intema
af freedom, sufficient 10 account for its vibrational relaxation in a realistic manner, These simmudations Ha
precisely the underlving micrascopic mechanisms:” the laser-induced pressure build-up and th

At the same time,
pushed further and further
the microscopic scale: even
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explosion due to overheating appear io be the key processes determining the dvnamics of laser ablation, Interestingly,
= well-defined Buence threslio)d!? separates desorption, a regime resulting essentially in the ejection of single particles
fallowing sublimation or vaporization. from ablarion. a collective phenomenni leading to a hi sh proportion of clusters
in the plume,

MD simulations, together with the Stillinger-Weber potential (SW},Y  have also recently been userd to study
the laser ablation of silicon,® with the aim of understanding the micromachining of silicon surfaces with ultrashort
femtosecond laser pulses, as well as the influence of such parameters as the width and fluence of the pilse an bhe
dimensions of the hale created by the ablative process. However, the predicted ablation thresholds were found to b
at least an order of magnitude higher than the corresponding experimental values. !213 3 possible reason for this
discrepancy could be related to the chojee of the interactomic potential: a eritical carrier density n, ~ 102 !
s bolieved 910ty Le separating two distinet regimes and, for lower carrier concentrations, thermal processes andy
are operative; af carrier densitios exceeding n.. melting proceeds as an ultrafast process in 1 ps ar less following the
abgarplion of the laser pulse, The former regime, described by the thermal annealing madel (TAM), is observed with
fanosecond and picosecond pulses, while the latter is particular to ultrashort laser pulses, typically of 100 fs or less,
Thus, while the SW potential provides a convenient and satisfying way to recreate the interactions arnong the silicon
atoms in both solid and liquid phases wher thermal processes are invelved, there are good reasons ro believe that i
is not suitable to deseribe an ult rafast melting process such as the the one that can be observed with feemtosecondd

Priadses,

I the presen paper, we propose a model for the interaction of 308 nm (4,03 eV pleosecond laser pulses with o
crystalline silicon tar gel. Silicon has been chosen for its importance in the microclectronics industry and bocause it
15 reasonably well deseribed by the SW potential. However, as noted above, this restricts us to situations involving
anly thermal processss (e within TAM) and, consequently, to pulses not shorter than 10 ps'® and fluences leading
borcarrier densities lower than 1022 ep -3 More specifically, we are interested in delineating the various mechanisms
that lead o ablation and possibly see if it is possible 1o establish & common trend unang various materials based
on recent simulations.”  Mareover, we wish o determine if a distinet fluence threshold, separaring desorption from
ablation, can be observid for silicon and what is the resulting composition of the plume, Finally, thermal ibdation
Hollowing thermal melting) being a phenomenon o urring typically on a 161 5 time scale,'! the use of ulrrashort
laser pulses (fernto. and pico-) allows us to avoid the difficuley of considering the interaction of the pulse with the
ejected particles, The simulation of laser ablation and desorption in the picasecond regime therefore offers greal
chillenges, numerous questions remaining to be answerscd

2. THE MODEL
2.1, Target and Laser Pulse

We are first eoncerned with e description of the target and the laser pulse hefore they interact with each ather,

2.1.1. The target

Because of computational limitations, the supercell is restricted to a total of 32400 atoms in a box of approximately
5% 5% 27T nm®, of which about 98000 are forming a (100) surfuce slab of 5 x 5 x 24 nm? that is exposed to the Jaser
pulse. The latter box is chosen to represent a small portion of the target af the center of the luser puelse.

In order 1o recreate the thermal and structural tonstramnts of & macroscopic erystal, the supercell is first replicated
to infinity in the = and y directions, that is to say parallel to the upper surface, through the use of periodic houndary
eonditions, Along the = axis though, thermalizarion is ensured by coupling the system to a heat reservoir: in practice,
thiz is done by renormalizing the velocities of a few layers of atoms at the bottom of the supercell to an appropriate
Maxwell-Boltzmann (MB) distribution. Additionally, a laver of atoms, attached to their equilibrinm position through
4 spring at 300 K. is placed below the hea\ reservoir in order to mimic = semi-infinite crystal in the z direction. The
latter layer forms, together with the heat reservoir and the previously mentioned surface slab, the supercell.

2.1.2. The laser puise

For & 10 ps laser pulse, which is Gaussian in time as well as in the lateral directions, and of macroscopic width,
because the simulation box width is spanning a relatively small scale (a few nanometers), any spatial variation of
the irradiance can be considersad negligible. When periodic boundary conditions are imposed along the = and W axis,
the irradiance is thus, in effect, spatially constent over the infinite ty plane. However, the supercell being located in




the venter of the laser pulse. the perturbation induced by a constant irradiance far from the region under study can
Fase igm:red. )

The large number of photons contained in each pulse: typically a few tens of thousands, ensures a uniform spatial
distribution of the energy in the ry plane. The temporal Gaussian distribution can be simulated by a sucression of
planes spanning the entire top surface of the supercell, each containing a well defined number of photons COPTEspOnOg
i the instantaneous irradiance and separated in time by an interval ranging from At to pypically 10 = At where
At = 0.5 fs is the value of the MD timestep

2.2. Absorption of Light

At A = 308 nm, each photon has an energy of 4.03 ¢V, larger than the Si bandgap energy af 1.12 eV at 300 K1
There are three possible absorption mechanisms: (1) an interband transition following the absorption of a singlht
photon by a valence slpctron. through which the latter 1s promoted to the conduction band and a hole is left, behind;
(2} & non-linear, multiphoton, interband transition following the simultaneous absorption of two or more prhiclons
by & single valence electzon that can possibly lead to its photoemission; (3] an intraband transition, o free-carciet
absorption, according to which the photon is absorbed by an electron aleeady in the conduction band,

The rate of generation of carriers by the laser pulse can be written as

L (t=TDal(z.t) (1= a1zt ,
e hus N 2hy : 0

i1=T11{z.1] being the intensity of the laser at a depth = below the surface af the target, 1" the refleetion coelhcient ab
Uhie surface. o the one-photon interband absorption coefficient, and 3 the two-photon interhind absorption coelficient.
It is instructive to compare the two-photon and one-photon generation rates, that s the ratio

Gy i

a2 =1 =Tz 0] - 2

& = HEN e (2
At A = 308 nm and 300 K, [ ~ 0.60,'" a~15x 108 em=' 1 and 3 ~ 40 em/GW;'® with an rradiance as High'
as 10° GW fem®, which is at least an order of magnitude higher than the ones we consider in this work, equation {2y

-

Eivies ‘f}: < (.01, Thus, we expect one-photon interband transitions to be at feast o LO0 rimes more freguent (AT

T3 3
two-photon interband transitions. Moreover, it has been shown'® that free-carrier absorption is negligible at shor
wavelengehs, typically below 1000) nm. Therelore, in the presant simulations, the one-photon interband transttion
the dominant mechanism for absorption and all other mechanisms are ignored.

When a photon reaches the surface of the target, its position (£ i) in the Ty plano s derermined thmugh’-p;
uniform probability distribution, and is refiected or not according to the remperature-dependent reflection cofficient
of silicon, which was obtained from a fiv of experimental data 20 [§ ot refected, the photon is agsumed 1o b8
absorbed according to the Resr-Lambert law. i.e at a depth

z; = —a “n(E) cm , {3}

where £ is a random number taken from =2 uniform discribution. A temperature-dependent relationship for i
absorption coefficient o is used.®  Once the locanion (#i.y,.z:} of the absorption process has been determined;
the silicon atom with at least one valence electron which lies closest is excited, i.g. its number of valence electzons
decremented by one.

The absorprion of a photon leads 1o the creation of an electron-hole pair, The position of the awom 10 which
tlie electron belongs is taken as the initial position of the electron-hole pair. The larter then diffuses into the b
as a result of the carrier concentration gradient {see section 2.3.3). For simplicity, the electron and the hole th
generated are assumed to move together at all times, that is to say a single coordinate 15 used to follow the pair; th
Coulombian interaction between the carriers and with the ions and atorms are, thus, ignored.

The determination of the initial kinetic energy of each carrier would require the knowledge of the varions ophc
transitions allowed. In order vo elude this difficulty, it is reasonable, bacause the very fast carrier-carrier inferad
lpid to & Fermi-Dirac (FD) distribution at a temperature 7, within a fow tens of femtoseconds, to assul
instantanéous quasi-equilibrium state of the electronic gas described by such a distribution, Because T, is relativl




large, tvpicatly up to 10000 K. the FD distribution is approxdimated by a MB diseribution. Thus: as an electron is
axeited into the conduction band and added to the existing electronic plasma, its initial kinetic energy is caleulated
aecording to the MB distribution at the current temperature T,. If Ex, is its initial kinetic energy. the hole then
reteives o kinetic energy equal to (b — Ec — Ex; ). A carrier density and lattice temperature-dependent relationship
is used for the bandgap energy £57%% of silicon.

Finully, the relatively large absorption coefficient at A = 308 nm, combined with & depth of 24 nm fur the
glmulation box, ensures that close to 98% of the energy is absorbed within the supercell.

2.3, Relaxation Processes

Fallowing the generation of the clectron-hole plasma, & number of processes allow the system to relax.

2.43.1. Carrier-phonon scattering

According 1o TAM, the energy transfer from the energetic carviers to the lattice proceeds via the scathering with
phoneny, mainly optical, within typically 1 ps. The latter then seatter with acousetic phonons, allowing the redis-
tribadion ol the energy among all lattice modes within ~ 10 ps. The lattice s then in o state of quasi-equilibrinm
chararterized by a Bose-Einstein distribution at temperature T

It ia possible to get @ general pieture of the various phonons emitted, as well as the rate at which they seatter with
thi carriors, There are many mechanisms for carrier-phonon scatrering. Among them, the dominant mechanism for
pnergetic electrons are the so-called intervelley scatiering fransitions, which imply large changes in momentum and
thus phonons with wave vectors near the gone boundary 49

Crenerally, the probability per unit time S, that o carrier with crystal momentum p scatters to o state with
crvatal momentum p'is given by?t

Siicx Ul. ; (4)
whore £, the intervalley deformation potential, characterizes the strength of the scattering from the initial walley
¢ 1o the final valley f. From the various values of D,,2% it is possible to evaluate the probability Py, proportional
e S, for esch intervalley transition to occur. We find that almwost 70% of phonons that secatter with electrons are
optical. For holes, though, the main scattering mechanism?® is optical deformation potential seattering; we thus
agsume the holes to scatter only with optical phonons of 62.6 meV. Finally, beeause the carriees are energetic, it s
reasonable to assume that they are being scattered by phonons through, mainly, an emission process. Absorption of
phonons 15 therefore negligible compared to spontancons emission at all carrier energies.

The scattering processes having been identified, along with their probabilities, the scattering rate remaing Lo be
determined, A simple approach consists in using results®™ for the carrier-phonon scattering rate in silicon caleulated
paing the full hand-strueture of the material A polynomial fie of the curves for both electronz and holes at 300 B was
done. In doing so, we elaborated an approcimate but simple tool to estimate the phonon emission race as a function
of the carvier energy. Fluctuations of the scattering rates with temperature and bandgap energy are neglected.
However, sereening effects by carriers are incorporated in the way suggested by Yoffa, ™ where the eritical carrier
density for significant screening effects is taken to be equal to 1.2 x 107! em ™.

This, the carriers can be viewed as virtual centers for the emission of phonons moving downward into che bulk.
As they diffuse, the knowledge of their energy allows the rate at which they scatter with phonons to be caloulated.
This imformation is then used to determineg, on the basis of 2 uniform probability distribution, the moment a phonon
s emitted. The phonon energy is distributed instantanecusiy, according to a spatial Gaussian distribution, among
all atoms in a radius of 5 A arcund the scattered carrier. Once the phonon has been emiteed, the carrier energy is
updated. Moreover, the rate of scatiering of a given carrier with phonons is updared every timestep-as it depends
on the local carrier density.

2.3.2. Other processes

Impact ionization, the process through which an electron-hole pair i= created when a vary energetic electron collides
with a valence electron, can be safely neglected. Indeed, the generation of highly energetic carriers originating maost
probably from multiphoton interband transitions. and the latter absorption mechanism being negligible in the present
context, impact jonization can be ignored.
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Furthermore, in silicon, the dominant recombination mechanism is Auger® [t has been shown™ thal the
recombination time, due to sereening effects by the carriers, tends asymptotically toward a minimum value of 6 ps.
As mentioned in section 2.3.3, because of the existence of a carrier density gradient near the surface, carriers diffuse
into the bulk. However, because they generally diffuse out of the supercell in a characteriseic time of less than 6 ps
Auger recombination can be neglected here For relatively desper simulation boxes, this simplification may not be
valid.

2.3.4. Carrier diffusion

Carriers diffuse into the bulk as a result of the carrier density gradient, which is a direct consequence of the exponen-
tially decreasing form of the absorption law with depth, Carcier diffusion is taken into aceount by using the relations
suggested by Berz et al.?® for the various components of the electron and hole mobilities. Each electron-hole pair
i& given an ambipolar diffusion coofficient that is updated every timestep in order to take into account the changes
in the loral carrier density and temperature. For simplicity, carrier diffusion is oceurring along the z axis only and
downward into the bulk as the carrier density gradient is assumed to be oriented o the latter direction.

3. RESULTS AND DISCUSSION
We give, in this section, preliminary results (e the first few piecseconds) for the absarption of 308 nu, 10 ps, laser
pulses with a crystalline silicon target. Two situations are analvzed. First, simulations for a single (1,16 J;"i:m: foulse
are used to estimate the melting fluence. Second, simulations for a single 0.30 J /em” pulse for which carrier diffusion
hos been suppressed are carried oul to recreate artificial conditions where ablation occurs; mechanisms undeclying
ablation are studied and the resulting plume analyzed. The role of careier diffusion within the relaxation process is
ilisessed.

3.1. Melting Fluence

First, the melting Quence can be estimated and, along with other data, used to confirm the validity of the model, As
an exwmple, Fig. 1 shows, for a single 00,16 Jem® pulse and a maximum surface irradiance of ~ 4 x 10 “",."IHTI-JIJ iltor
5 pu, the lattice-averaged temperature T and the surface temperatare 5. The lager pulse starts at t = 0 ps, Following
the very fast initial relaxation of carriers, the lattice temperature averaged over the entire supercell reaches, before
the end of the pulse, a plateau around T ~ 2400 K; when averaged over the tep 7 nm, corresponding to the optical
skin depth at 4 = 308 nm, the temperature reaches a lower value of T, ~ 1300 K. Thus, the surface remperature
has reached the melting temperature (T, = 1685 K for silicon), while the temperature beneeth the surface ls clearky
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Figure 1. {a) Lattice average (T} and surface (T,) temperatures vs time. (b) Average pressure vs time, Results are
for a single 0.16 J/em® laser puise.




| ?high&r than T, a result of the carrier ambipolar diffusion. Even if, as 2 consequence of the exponentially-decaying

“ahsorption law, more carriers are generated near the surface, most of the energy 1s released beneath it due to the I

fact that electron-hole pairs diffuse into the bulk. This observation could possibly be related to the well-known If

- phenomenon of subsurface boting® which occurs when the time required to transform laser energy into hear is l
|

ghorter than that needed to evaporate a surface laver of a thickness of the order of the skin depth. Tn the present

cases elting has not yet ocourred, as it takes roughiy 50 to 100 ps to bring to & molten state a 20 nm surface

laver of silicon using a picosecond laser pulse.”!  Nevertheless, we would expeet, as the system evolves, to ohserve |
“superheating and possibly subsurface botling. The latter, sometimes referved 1o as “true splashing”, can result in

Cmitronssized molten globules to be expelled from the surface. Although the supercell i5 of nanometer size, further

Lealeulations on a longer time scale are needed to study such mechanisms

Finally, it is possible to compare the predicted melting fuence threshold with experimental data; this 18 defined
2 a8 the fluence required to bring the surface temperature to the bulk melting temperature. For instance, with a
100 fs, 632 nm laser pulse, von der Linde et al'? have determined the melting fluence threshold for a (100) silicon
surface to be (.15 J/cm” when melting is still ocourring 'thnugh thermal processes. For picosecond pulses, the
melting threshold ar X = (.53 pem was measured o be 0.2 ,],n’(;m 2 These measurements are consistent with :mT‘
Pobwervation of o surflace temperature of ~ 1800 K at 0,16 .ll.h_m , suggesting o melting threshold around 0.15 1,-"t:lt:

3:12- Mechanisms of laser ablation and carrier diffusion

Ascan be seen in Fig, 1 for a 0.16 .Il.-’rm"' pulse, the absolute value for the pressure {averaged over the entive supercall},
Indtlally very low, increases relatively fast once the liser pulse has begun: because a large amount of energy Is shorad
oo very shorl time, the material does not have the possibility to undergo thermal expansion and a high pressure
' Builds up within the volume. The pressure is negative, indicating tensile forces, ind reaches an absolute value of
~ 10 GPa after approximately 8.5 ps. This value is in good agreement with pressures deduced from experiment, *

Fig, 2 shows the evolution in time of the average coordination number at the surface at the same laser luence,
The average value of approximately 3.85, caleulated for a 10 A thick layer at the surface, is not related to the
tmmat]uu of an amorphous state but, rather, is o consequence of including in the calculation undercoordinated
mrl'urL atoms, As will be discussed further below, the average coordination number can be used to signal o possible
Ehaau crapgition, Thus, us one can see, there is the creation of a high tensile pressure bue there in no Indication yet
of a phase transition, Fig. 2 alse shows, along the = axis, in box units, the position of the topmost laver as a funetion
of time, which rises for the first 8.5 ps as & result of the tensile pressure build-up. The original upper limit of the
gipercell was set to zero. At this energy, ablation is not expected to occur.
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Figure 2. {a) Average coordination number at surface vs time, (b) Position of the surface layer vs time. Results
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As mentioned earlier, the carriers diffuse into the bulk as & consequence of the carrier density gradient ol the
surface. 1n order to assess the importance of this mechanism for the relaxation of the system, a simulation for o
it le 10,30 .ffu':u: pulse was run with the difference that eleceron-hole poairs were net allowed to diffuse Following
their ereation. The carrier-phonon sereening effect was also lgnored. Fig, 3 shows the lattice-averaged temperiburs
T and the surface temperature T, in this case, T and T, reach values of -~ 18000 K and ~ 7000 K, respectively,
clearly much higher than the experimentally-observed values,' which do not exceed ~ 4000 K at higher Huenies,
This can be explained by the fact that electron-hole pairs, if not allowed to diffuse, remain within the limits of the
supercell in which they release more energy. Furthermore, because carrier diffusion has been suppressed, T, > T ns
the maximum temperature is now located af the surface

However, this simulation provides a way w evaluate the importance of carner diffusion and to gain insight into
the mechanisms underlving ablation. Fig 3 shows the pressure induced n the material: after a sharp bulld-up of a
tensile pressure for the reasons mentioned previousiy, the system goes INL0 compressan after approximately 3.5 ps,
At the same time, the average coordination at the surface (see Fig. 4] increases to reach a peak of aboul 5.1 after 3 ps,
then drops shortly after a few hundreds of femtoseconds. Finally, the position of the topmost laver, after increasing
tiecause of the high tensile pressure, suddenly drops after approximately 4 ps: this reveals o very fase phase transition
from solid to gas phase, combined with & high tensile pressure inside the marerial which causes the sudden removal
of atoms from the surface, that is ablation. The pressure then becomes highly compressive as a result of the recail
1 pressure induced by the expelled atoms.

Fig. 5 shows the total number of atoms removed from the surface, as a function of time. This number undergoes
& steep increase at about 4 ps. The composition of the plume is also presented in Fig. 3; only shown are the numbers

IiE | of single atoms. as well as of Sy, Siz and 5iy clusters. One can see that single atoms are predominant and the
number of 51, clusters rapidly falls as n increases. In fact, though not explicitely shown here, the number of Sig
| clusters, for n = 5 and n = 6, is very small, and negligible in the case of Sigy clusters; this in good agreement with

recentlyv-published results of von der Linde et al.'#1%

Thus, when the diffusion of carriers is not taken into account, the resulting lattice surfuce témperature is much
higher than the experimentallv-observed values, which do not exceed ~ 4000 K. Moreover, the carrier density (not
shown here] reaches a value of ~ 10% em™3, larger than the critical value of 10%7 em™7 not accounted for in the
present model, Finally, ablation is observed after only a few picoseconds, while it is expected to oceur on a 1010

time scale in a regime where thermal processes only are operative. For these reasons, carrier diffusion is believed to
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-kﬁlﬁ,'ln the present context, an essential mechanism for relaxation. These simulations are also helpful in identifving the
s processes that determine the onset and dynamics of laser ablation, namely the laser-induced pressure build-up
nd the phase explosion due to overheating, as first pointed out by Zhigilei et al.®* Furthermore, the predicted
mpcsition of the plume is in good agreement with recent experimental data.

4. SUMMARY

Blétular-é}rulamics model has been developed 1o study the laser ablation of erystalline silicon. All interactions and

sseswere described within the thermal annealing model. The atomns were chasen to interact at all rimes through
Stillinger-Weber potential. Simulations involved a svstem of 32400 atoms of which aboui 28000 were irradipted
308 nm. 10 ps, Gaussian laser pulse One-photon interband transition is the dominant abzorption mechanism,
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Carrier-phonon scattering and carnier diffusion into the bulk are taken into account, but Auger recombination and
impart ionization are neglected.

Preliminary results were presented Simulations, when carriers are allowed to diffuse, predict a melting Huence
threshiold in good agreement with expetiment However, when carrier diffusion is artificially suppressad, incorrecl
valuns for the temperature and carrier density are abtained and laser ablation is observed 1o be unrealistic, oceurring
in toi short a time. For these reasons, carrier diffusion is found to be an essential mechanism for relaxation for the
experimental conditions simulated, Furthermore. it is believed to be responsible for the observation of subsurface
biling. Finally, ablation seems to proceed from a high-pressure huild-up within the volume combined with a very
fast phase transition from solid 1o gas phase. Full details of the calrulations and complete results will he presented

elapwhiore.
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