The mesoscopic modeling of laser ablation
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Abstract. It is common to look at the atomic processes of
removal of atoms or jons from surfaces. At this microscopic
scale, one has to understand which surface ions are involved,
which excited states are created, how electrons are transferred
and scattered, and how the excitation leads to ion removal. It
is even more common to look at continuum models of energy
deposition in solids, and at the subsequent heat transfer. In
these macroscopic analyses, thermal conduction is combined
with empirical assumptions about surface binding. Both these
pictures are useful, and both pictures have weaknesses. The
atomistic pictures concentrate on relatively few atoms, and
do not recognize structural features or the energy and carrier
fluxes on larger scales. The continuum macroscopic models
leave out crystallographic information and the interplay of the
processes with high nonequilibrium at smaller scales. Fortu-
nately, there is a middle way: mesoscopic modeling, which
both models the key microstructural features and provides
a link between microscopic and macroscopic. In a meso-
scopic model, the length scale is determined by the system;
often this scale is similar to the grain size. Microstructural
features like grain boundaries or dislocations are considered
explicitly. The time scale in a mesoscopic model is deter-
mined by the ablation process (such as the pulse length) rather
than the short time limitations of molecular dynamics, yet the
highly nonequilibrium behavior is adequately represented.
Mesoscopic models are especially important when key pro-
cess rates vary on a short length scale. Some microstructural
feature (like those in dentine or dental enamel) may absorb
light much more than others; other features (like grain bound-
aries) may capture carriers readily, or allow easier evapora-
tion, or capture and retain charge (like grain boundaries); it
is these processes which need a mesoscopic analysis. The re-
sults described will be taken largely from the work on MgO of
Ribeiro, Ramos, and Stoneham for ablation by sub-band gap
light.

There are several quite distinct ways to think of the target in
laser ablation. One is macrescopic, when one uses standard
engineering ideas on a small scale: heat supply from the laser,
thermal conduction, evaporation, and perhaps thermal stress.
Another way is atomistic, when one asks about which ions
are removed, the electronic excited states involved, and the
processes by which laser energy ends as ionic kinetic energy.
The link between these two extremes is less obvious. For very
many systems, it is essential to recognize an intermediate,
mesoscopic, scale. At this level, the target’s microstructure
becomes important, and it will change as ablation proceeds.
The mesoscopic scale provides a means to link macroscopic
and atomistic (see, e.g., [1]); at the same time, mesoscopic
methods offer a way to model complex nonequilibrium be-
havior in ablation.

What goes into a mesoscopic model involves a mixture of
ideas. First, the computing methods are either Monte Carlo or
some finite element or finite difference technique. This part
is conventional. Second, there will be some continuum ideas,
especially for the less critical parts of the system, and these
will include standard approaches to thermal and electrical
transport. Third, there will be input from the many spectro-
scopic and similar experiments addressing behavior at the
atomic scale. Related to this will be the wealth of theoretical
understanding of the defects and defect processes, including
especially behavior in excited states. It is not sufficient to un-
derstand behavior close to equilibrium. Fourth, there will be
information about the target microstructure. This information
may be simplified to some degree, but the main features will
be modeled at the level which is appropriate.

A very important point is that laser-induced processes are
hierarchical. The thermal, electronic, and structural changes
produced by the early stages of the pulse modify the response
of the later stages. This is true even when, as in this pa-
per, we do not consider the effects of plume generation. The
modifications arise from free carrier generation, charge trap-
ping, recombination releasing energy which creates defects
or causes evaporation, and the effects of electric and stress
fields. For photon energies greater than the gap, absorption is
strong and is relatively uniform across the surface. For pho-
ton energies less than the band gap, absorption is concentrated



at defect structures, including dislocations, grain boundaries,
the external surface, and any impurity clouds associated with
them. In nonmetals, for any bandwidth the subsequent pro-
cesses are often concentrated at these defect structures. Some
of these structures develop as the surface recedes during abla-
tion, e.g., kinks on surface ledges move or dislocations climb.
Others structures respond to stress, as in spalling, or to elec-
tric fields. In complex matetials, especially biomaterials like
teeth, there is a wider range of degradation mechanisms as-
sociated with the variety of structural components. Many key
effects relate to microstructure, and lie between atomistic and
continuum descriptions.

Types of microstructure. To be specific, we shall discuss sim-
ple ceramics, e.g., MgO. We shall be concerned with three
main types of microstructure. First, there is the surface itself,
which will be rough, and which will have on it ledges, kinks,
and other defects. The roughness can vary greatly, and is very
sensitive to the origin and preparation of the material. Sur-
face energies provide some tendency toward the formation of
specific crystal facets; such faceting also affects evaporation
energies. Second, there are dislocations and grain boundaries,
Third, there will often be inclusions of some distinct sub-
stance, such as a carbonate, hydroxide, or other oxide [2].

Imagine an idealized crystal consisting of cubic grains
54 across. Then each cubic centimeter will contain 2 x 10°
grains; the cubes will have an area of 3000cm?, which cor-
responds to about 3 x 10'® atoms at the grain surfaces. Even
for these rather small grains, the numbers are not large. How-
ever, they are not large because they are deceptive. It is true
that the width of a grain boundary from atomistic models [3]
is similar to the interatomic spacing. But our concern is with
optical absorption associated with grain boundaries, and op-
tical absorption can occur readily at the defect or impurity
atmospheres which are normally associated with dislocations
or grain boundaries. We need not be surprised at effective
thicknesses of tens of nm, similar to Debye—Hiickel screen-
ing lengths. The role of dislocation absorption for sub-gap
excitation has been demonstrated rather clearly [4].

For simple systems, like MgO, mesoscopic models of ab-
lation can use either observed grain structures or simulated
microstructures. The approach can exploit both atomistic
modeling and the properties of the oxide, which are known
from other experiments. The same strategy should work for
the more complex structures in dental materials, since the
microstructure is on a similar scale. For dental enamel, the
structure is based on crystallites and the ways their orienta-
tions change throughout the structure. While the structure of
dentine is more complex than MgQ, and the range of pro-
cesses will be greater, the same approach is possible. Almost
all systems have microstructures that can influence ablation
significantly, especially for biological materials [5, 6].

Consequences of microstructure, Dislocations and grain
boundaries have roles in excitation and subsequent stages
of ablation. They can be special sites for energy absorption,
for carrier capture, for electron or ion transport, or for ready
emission of ions. Our model [7-10] for MgO excited by
sub-band gap light exploits a number of critical ideas. First,
optical absorption of sub-band gap light occurs largely in spe-
cial regions: at the surface itself, at grain boundaries, and at
defects. Second, the carriers that are excited can move, be ex-

cited further by the laser light, recombine at the defect sites,
or be emitted from the surface. Third, there will be carrier mo-
tion, either diffusive or drift under the electric fields which
evolve, Excitation from one site and recombination at another
is a means of energy transport. Fourth, there will be evapora-
tion of electrons and of ions, and this will depend on the local
temperatures and binding energies. Reasonable estimates of
most of the parameters are possible from experiment and can
be improved by the linking of the parameters to fuller atom-
istic models, The ablation processes cannot be modeled fully
at either the macroscopic scale (integrating heat transport
equations) or at the atomistic level (as in molecular dynam-
ics). It 1s crucial to include simulations at some intermediate
scale.

1 Processes in the solid state

Our mesoscopic approach addresses three main classes of
process: energy absorption, energy transfer, and evapora-
tion. In certain applications, a further stage of diagnostics,
or monitoring, requires additional processes. The mathemat-
ical methods are essentially finite difference or finite element
methods, plus discrete versions of the conventional transport
and conduction equations. Full details of the parameters and
of the model are given in references [7-10]; in the present
paper, we emphasize the physical ideas which underlie the
model. The physical parameters can be varied over a range
around values estimated from existing experiments. This al-
lows & sensitivity analysis. Thus, our previous results suggest
that for realistic values of parameters, the ablation behavior
is not especially sensitive 1o the cohesive energy for surface
atoms or the electron affinity of electrons.

Our model keeps track of carrier generation and carrier
transport processes, as well as heat transport and ion and elec-
tron losses from the surface. It is possible to keep track of
electrons with nonthermal energy distributions. The bound-
ary conditions relate both to the material properties (periodic
boundary conditions are appropriate in some cases) and to the
laser beam (e.g., its space and time profiles). The mesoscopic
analysis can be embedded in a larger- scale finite element
model, if need be, as perhaps in a model of a whole tooth. The
evolution of energy and charge in the mesoscopic region is
followed throughout the laser pulse and for as long afterwards
as proves necessary. Our experience for MgO [7-10] sug-
gests that very long runs are needed only rarely, As the region
changes in response to the laser, electrons are excited (leav-
ing electronic holes or defect traps); there will be diffusion of
heat and of excitons; and there will be charge redistribution as
electrons diffuse or move under the electric fields which are
generated. The electrons that have been excited are allowed to
cool by interaction with lattice vibrations, to be heated by in-
teraction with the laser beam, or to recombine with electronic
holes or with traps and release heat. Some electrons will leave
the solid, either as photoelectrons or by thermal evaporation
(which process dominates depends on the system, and espe-
cially on the transient free electron concentration). lonic or
molecular species will leave the surface at a rate determined
by the energy input to the surface. Once they have left the sur-
face, the atoms may again interact with the laser beam or with
electrons released. Many of these processes were considered



in our earlier ceramic ablation model [9, 10], and we believe
most processes can be handled,

Clearly, our approach goes beyond simple thermal models.
These purely macroscopic descriptions assume that all en-
ergy deposited becomes thermal energy very quickly, within
0.1 ps, that a temperature is established rapidly, and that en-
ergy flows can be estimated by the use of standard thermal
constants. Such models deal only with one part of the en-
ergy flow and do not distinguish between different types of
energy (electronic, elastic, electronic potential /kinetic, vibra-
tional, and defect formation energy). Even when the thermal
picture gives a semiquantitative description of what is seen
experimentally, this picture is very limited, and cannot be
linked easily to atomic-scale models based on electronic
structure [11}. The link to electronic studies is relatively
straightforward with a mesoscopic model, since the basic pro-
cesses correspond.

Energy absorption processes. Sub-band gap light in a trans-
parent region (e.g., 5-¢V photons in MgO) will be absorbed
primarily at defects or by two-photon transitions. We are then
led to ask: Where will this be absorbed in the very first stages,
before the plume is established and before excited electrons
become significant? Without going into details, the result of
an examination of a wealth of data, which is not always very
well controlled, gives these good zero-order rules. First, in-
dividual defects and impurities absorb with a cross section
that is typically around 0.1 A%, Defect and impurity densities
vary greatly, but it is common to have 100 ppm of impuri-
ties in MgO and similar commercial pure ceramic materials,
including both standard impurities (Fe, Cr, ...) and ones
often ignored (H, C). For a 10-mJ laser pulse of 100-fs du-
ration (a pulse length chosen solely for illustration so that
issues associated with subsequent processes may be avoided),
there are about 10'6 photons incident in the first 10 fs. The
penetration depth is about 1000 layers, so about 10'* pho-
tons are absorbed in each layer in 10 fs, about 1/100 of the
number of atoms. But we should not forget the changes in-
duced by the early part of the laser pulse, since excitation
makes subsequent excitation easier. Second, grain boundaries
can be regarded as regions with high densities of “defects”.
As noted, the effective width can easily be 10nm; an as-
sumption of 10% defects in this region (ignoring the atomic-
scale inhomogeneity) seems acceptable. The small, highly
disordered region where the grain boundary meets the sur-
face is regarded as still more absorbant, with an effective
100% density of defects (an effective band gap less than the
photon energy). Third (and similarly), surfaces should be re-
garded as having relatively high effective defect concentra-
tions. In our models, we have regarded the surface (a thin
layer, much more than a monolayer, but small compared with
grain dimensions) as equivalent to 10% defects. Steps and
kinks (especially those kink sites which capture electrons)
and possibly segregated or adsorbed species can be import-
ant. In semiconductors and oxides like MgO, laser ablation
seems to involve vacancy multiplication: Vacancies already
on a surface act as nuclei for further vacancy formation [12].
Vacancies can form at the edge of a cluster of vacancies in
the outer surface layer, or on the second layer that has been
exposed. The relative probabilities of these two processes,
together with the rates of subsequent surface migration pro-
cesses, determine the way in which damage evolves. One

model suggests that emission of atoms from sites neighbor-
ing a vacancy generates further sites for emission. A vacancy
cluster on the surface evolves from a vacancy as its neighbor
atoms are ejected, which leads to still more effective sites for
atomic emission. This vacancy model of laser ablation sug-
gests that surface vacancies enhance the emission rate and
make a substantial contribution to laser ablation. The abla-
tion rates of a number of semiconductors, determined with
sub-monolayer sensitivity, are within 20%—30% of those de-
termined macroscopically [13].

Fourth, where grain boundaries meet surfaces, even
stronger absorption is possible. We shall assume that absorp-
tion in these small, probably disordered regions is similar to
that for above-gap excitation. For oxides that exist in sev-
eral forms, like Si0;, disorder reduces the band gap. Finally,
it is well known that absorption of energy by the electrons
which have been excited to the conduction band can be very
large. It is less often appreciated that transient defects are also
created in many systems, and are likely to be formed more
readily in the disordered grain boundary regions or at the sur-
face. These transient defects are likely to be important in laser
damage, and may be a significant source of electrons in the
conduction band.

The importance of defects is very clear from the laser
damage of crystals, which differ only in surface treatment.
For example, for CalF,, Reichling [14] finds that thresholds
for 14-ns pulses at 248 nm vary from 20J/cm? for standard
polished surfaces and for steps on cleaved surfaces, up to
over 60 J/cm? on the terraces of cleaved surfaces. Diamond-
polished and chemo- mechanically polished surfaces show
intermediate values,

Energy transfer processes. These processes, including ther-
mal conduction, energetic electron transport followed by
electron hole recombination, and exciton transport, can all be
influenced by the microstructure. Thermal conduction, which
is reduced by grain boundary scatter, is only a modest part
of energy transfer. Electron excitation, motion, and recombi-
nation is an important mechanism. Defects and grain bound-
aries are especially important. Point defects can often exist
in more than one charge state; for many transition metal ions
in MgQ, at least three charge states are stable. In particular,
grain boundaries can accumulate charge and provide long-
range fields. This raises a very important point: electric fields
can be extremely large. This is so even in a cubic crystal, like
MgO. For piezoelectrics like Zn0, stress-induced fields are
a further complication.

It is important to make a distinction between a field E(r)
which acts over some small distance, and the energy which
can be given to an ion by that field, which at most is a dif-
ference in potential, V(r). One such limit on ion emission
energy arises when the charge responsible for E is created
by electrons being moved by the incident photons of en-
ergy E,,. To create high-energy emissions, these photons
must cause a charge to build up in a small region of radius
R. To add another electron (or hole), one photon must be
able to overcome the Coulomb barrier from charges already
in the region. The limit is a charge Qma. when the energy
E i just fails to move an electron by distance a across the
boundary of the region, ie., Epy & QOnul[1/R—1/(R+a)],
50 Omax ~ R°E pi /0. The maximum energy that can be given
to a particle of charge Z leaving the surface of the region is



Z Qmax/ R, or ZEp R/a. Since it is hard to imagine circum-
stances in which R is more than a few times larger than a,
there should be a limit on ion emission energy of a few times
Epp, for particles accelerated solely by local surface charge.
This is seen in [15].

Evaporation processes at the surface. “Evaporation” is an im-
precise description of the many possible processes by which
atoms, ions, or electrons can be removed. It is true, phe-
nomenologically, that there is a characteristic energy needed
for atom or ion removal, although many situations will need
more careful descriptions. The role of water and water-related
species (notably hydroxyl) is important and not always rec-
ognized explicitly. It is for these evaporation steps that con-
tact with atomistic models is especially important. The nat-
ural simple assumption of a single removal energy for each
species is certainly simplistic, but it is adequate for answers to
certain types of questions, provided that different energies are
adopted for the main surface and for grain boundaries, for ex-
ample. The assumption is inadequate for questions about the
proportions of different charge states or for the fractions of
different molecular ions.

The initial evaporation steps may not eject species with
equal probabilities. This has consequences. The irradiation of
MgO by a laser beam with fluence in the range 2-10 J/cm*
causes the emission of many atoms from the surface, drilling
a hole. In this fluence range, the surface becomes Mg-rich
early in the laser pulse, so that photons incident in the
later stage of the laser pulse can absorbed strongly, caus-
ing heating. Heating can also occur by excitation of free
electrons produced by ionizing defects and metal colloids
on the surface. The depth of a hole created by a 3.7-J/cm?
laser pulse is about 1000 A. If all photons were absorbed by
a layer of 100 nm, the absorbed energy per MgQ molecule
would be about 200€V. Since vaporization requires 0.5 &V
per molecule, there is additional energy available to increase
the number of photon absorbers. The laser ablation threshold
of MgO, as detected by etch depth measurements, is about
31/em? [16]. The formation of color centers and of micro-
cracks on the surface is observed even for fluences between
1-3J/em?. There is an incubation period for fluences below
twice the ablation threshold: No visible indications of abla-
tion are seen for the first 5 laser pulses. Defects can build up
in this incubation period, and then act as photon absorbers.

2 Results: Temporal and spatial evolution

What emerges from our approach is that in the first few
picoseconds, electrons are generated at grain boundaries in
sufficient numbers to start further strong absorption. lirespec-
tive of the precise numbers, within reasonable limits, electron
evaporation occurs rapidly, long before atom evaporation is
significant (Fig. 1). This is partly because, for high electron
work functions, the electron concentration builds up; more
light is absorbed, and the electrons heat rapidly so as to over-
come the higher work function, The loss of electrons leads
to electric fields, which are a major factor in carrier motion.
The fields may well be large enough to cause dislocation
motion, After a few tens or hundreds of nanoseconds, the
numbers of atoms emitted exceed the numbers of exoelec-
trons, which are limited by the electric field. The predicted

Emitted
Electrons

2 ; : : ;
i} 0.5 1.0 15 20 2.5 a0 35

Time {n sec)

Fig.1. Time dependence of the numbers of electrons and ions emitted
(after [9])
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Fig. 2. Comparison of numbers of evaporated atoms predicted [10] and
observed [17] as a function of fluence (J/cm?)
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number of evaporated atoms [10] has a dependence on laser
fluence very similar to that observed [17], as shown in Fig, 2.
A further conclusion from the mesoscopic modeling is that
congruent removal of species is expected, since there is lit-
tle dependence of emission probability for binding energies
above a relatively modest value.

The inhomogeneity caused by the presence of a grain
boundary shows dramatically (see Fig. 3) in the mean atomic
energy (i.e., the mean kinetic energy of the atoms in the
solid), the mean electronic energy, and the electric poten-
tial. This inhomogeneity has consequences. As evaporation
proceeds, there is preferential loss from the grain bound-
aries. The removal of material depends on the angle between
the laser beam and the ablating surface. This can lead to
roughening and consequently to changes in absorption and re-
moval of material; we have shown previously that this can
be modeled. As is shown in Fig. 4, this leads to changes
in surface roughness and ultimately to the buildup of the
characteristic cone structures [7,8]. The extent of roughen-
ing depends on the assumed thickness of the grain bound-
ary. “Thickness” means, of course, the width of the zone
in which energy absorption occurs, and will include any
defect atmosphere surrounding the boundary. The effective
width will include contributions from energy absorbed by
ionized centers or by electrons formed as a result of initial
excitation.

We remark that completely different behavior is seen
when laser irradiation is replaced by that of an electron beam.
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Fig. 3. Mean atomic energy (kinetic energy of atoms in the solid, in €V,
shown logarithmically), electronic energy (eV), number (per 107 atoms)
of excited clectrons, and electrical potential (V); the effects of the grain
boundary are shown (after [9, [07). The data simulate results after 5 ns at
2 Jjcm?. The blocks of MgO have 5-nm sides. The largest fields are of order
2% 107 ¥ fem, thus are approaching the breakdown field

Fig. 4. Evolution of grain structure (after [7, 8]) showing the consequences
of roughness and of different effective grain boundary widths. The zop iwo
blocks show the evolution from an initial grain structure taken from an ex-
perimental micrograph. The lower figure shows that wider boundaries lead
1o rougher profiles in a striking way. The cone formation axis for the widest
boundaries identifies the direction of the photon beam

The energy from the electron beam is not concentrated at de-
fects when it is absorbed, and the rastered beam smoothes the
MgO surface [18]. However, energy will be concentrated at
defects in subsequent processes.

The evolving morphology suggests that one could choose
conditions so as to optimize surface texture and roughness,
e.g., in preparing a tooth for filling material, since only
physical adhesion is involved. In the dental case, the na-
ture and extent of undercutting will be the primary con-
trol. It should be possible to do neat, low-volume undercuts
which will retain the filling without destroying too much
good tooth.

3 Conclusions

What we have described are the results of our initial meso-
scopic models of ablation. The approach incorporates some
standard components, such as Monte Carlo and finite dif-
ference methods, and adopts (where appropriate) standard

approaches to thermal and electrical transport. We have de-
signed our approach to allow input from the many spectro-
scopic and related experiments on behavior at the atomic
scale, and also to exploit the wealth of theoretical under-
standing of the defects and defect processes, including es-
pecially behavior in excited states. A primary aim has been
to find a simple, yet realistic route to the inclusion of target
microstructure.

It is not sufficient to understand behavior close to equi-
librium. Qur approach addresses naturally the fact that laser-
induced processes are hierarchical. Thermal, electronic, and
structural changes during the early stages of the pulse mod-
ify what happens later. This is so even when, as here,
we omit the effects of plume generation. The major phe-
nomena which contribute hierarchically include free car-
rier generation and charge trapping, from electron—hole or
exciton recombination releasing energy, which create de-
fects or cause loss from the surface and from the effects
of electric and stress fields. For photon energies less than
the band gap, absorption is concentrated at defect struc-
tures, including dislocations, grain boundaries, the exter-
nal surface, and the impurity clouds associated with them.
In nonmetals generally, for any bandwidth, the subsequent
processes are often concentrated at these defect structures;
yet the microstructure is not constant in time. Structures
evolve as the surface recedes during ablation. Others struc-
tures respond to stress, as in spalling, or to electric fields,
as seen in electrical breakdown studies. In complex materi-
als, like teeth, there is an even wider range of degradation
mechanisms associated with the variety of structural com-
ponents. Many key effects relate to microstructure and lie
between atomistic and continuum descriptions. Generalizing
mesoscopic modeling to cover the broader range of phe-
nomena seems practical. The application of these models to
the optimization of ablation is a greater challenge, but ap-
pears within our grasp as the underlying physics becomes
clearer.
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