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The results of theoretical analysis of the response of solid nanoparticles on the dielectric surface to the in-
tense ultrashort laser pulse (USLP) action are presented. The estimation of the ionization degree of nanoparti-
cles with permanently changing charge on the composition, intensity and laser pulse duration has been carried
out using a simple analytical model. The dynamics of non-thermal destruction of nanoparticles and associated
changes in the substrate surface due to the implantation of ions emitted from nanoparticles has been studied

using numerical simulation.
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1. Introduction

The objective of this theoretical research is to ana-
lyse the dynamics and mechanisms of nanoparti-
cle destruction under ultrashort high-power laser
pulse irradiation and related modifications of sub-
strate surface.

The concrete goal of the study is to verify the
possibility of application of the charge equilibrium
disturbance processes arising inside nanoparticles
under the action of ultrashort laser pulses for the
doping of the near-surface layer of solid materials.

We studied the behaviour of the nanoparticle-
at-the-substrate system under the action of short
high-power laser pulses, when substrates are trans-
parent for the selected wavelength. The possibility
of ion doping of solids by the formation of the na-
noscale ion source on its surface by laser pulses was
analysed, and the conditions and parameters of the
impurity implantation in the nanoparticle-at-the-
substrate system due to Coulomb explosion of the
nanoparticle were estimated.

A large number of papers that were published
in the last 10-15 years (see, for example, [1-3]) re-
ported about observation of a very intense electron

emission from nano-sized particles. This emission
arises due to the particle photoionization under
USLP action practically without any delay relative
to the light pulse. Although the mechanism of this
emission is unclear in detail, it is evident that fast
removal of a significant number of electrons from
nanoparticles induces an uncompensated positive
charge and strong electrostatic fields inside and near
the particle. If the ionization degree is high enough,
the Coulomb explosion of the particle - rapid ex-
pansion of material containing an uncompensated
electric charge — becomes possible as a result of the
action of repulsive electrostatic forces.

Earlier [4-6], we proposed a simple method of
analysis of the Coulomb explosion of nanoparticles
due to their photoionization. It was shown that the
electric field of uncompensated charge arising dur-
ing the photoionization of nanoparticles can cause
the movement of arising ions and accelerate them
up to rather high energies.

2. General remarks

It is clear that if a nanoparticle is placed on a sub-
strate that is transparent for the light radiation, the
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scattered ions partially penetrate under the surface
and can modify the material properties of the sub-
strate without its damage on a scale comparable
with the initial size of the particle (Fig. 1).

The processes that take place in the nanoparti-
cle-at-the-substrate system under USLP action can
be separated into two stages: the formation of the
ion source during the pulse action (Fig. 1(a)), and
ion implantation into the substrate after the pulse
action (Fig. 1(b)).

So, it becomes possible to create a nanoscale
ion source on a solid surface under the laser ir-
radiation of the nanoparticle-at-the substrate sys-
tem and to control the characteristics of ion flows
by variation of the parameters of nanoparticles

electrons

ions

Substrate
23]
MNanoparticle
Substrate

Fig. 1. (a) Formation of the ion source (during the pulse
action). (b) Ion penetration into substrate (after the
pulse action).

and laser pulses. Finally, it can be claimed that
USLP action on the nanoparticle-at-the-substrate
system can lead to the creation inside the near-
surface layer of the substrate of the nanoscale
regions with modified characteristics due to the
implantation inside the substrate of some amount
of impurity ions from the nanoparticle.
Advantages of the proposed method:
« Implantation of ions into the substrate oc-
curs on a scale comparable with the initial size
of nanoparticles, which permits to adjust the
implantation area by selection of the nanoparti-
cle size (R). It is a serious difference from other
laser methods of surface modification where the
typical size of the modified area is defined by
wavelength A » R.
o  The permanent presence of an electrostatic
field that accelerates ions during the whole peri-
od of implantation allows them to penetrate into
the substrate much deeper than in beam-based
implantation methods, even when ion energy is
relatively small (< keV).
Weak points of the method:
o Selection of an impurity-substrate pair is
limited by the following requirements: (i) radia-
tion should not cause ionization and / or heating
of the substrate (it means the restriction on the
light wavelength A selection), and (ii) radiation
should not cause substrate damage (it means the
restriction of the upper value of light intensity g).
o There is no stage of ion energy selection
that leads to non-uniformities of doping depth.
To verify the possibility of realization of the
above-discussed implantation technique, one must:
o estimate the possibility of ionization un-
der short pulse action and analyse the ioniza-
tion degree of the nanoparticle as the function
of the parameters of the particle and light pulse;
o  retrace the dynamics of the outflow of the
produced ions outside from the nanoparticle,
including their implantation into the substrate.
To pursue these goals, the study includes two
steps that are discussed below.

3. Evaluation of ionization degree

We assume that the ionization of a metal nanopar-
ticle irradiated by extremely high power ultrashort
laser pulses occurs due to the field emission of elec-
trons from the particle in the field of light wave.
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For further analysis it is essential that at high
light intensities, g~10"'-10"* W/cm?, the tunneling
current can be calculated in the stationary ap-
proximation.

Let us estimate the characteristic time of ioniza-
tion 7, which shows when the tunneled electron can
gain in the external field the energy sufficient for
irreversible removal from the solid surface.

This time, in fact, is close to the electron time
of flight through the barrier (Fig. 2) with the width
I = ¢/ (eE,) where ¢ is the work function, y is the
Fermi energy, E is the field strength in the light
wave.

As the average electron velocity is (v)~ /o /m,we
can get the following estimation for

[ Q NO-m

z-:<_V>_eE go/m: eE L)

In Table 1, you can see the calculated values of
the characteristic ionization time 7 [s] for several
metals at different light intensities. The data in this
table shows that for the IR and visible light in the
whole range of parameters it can be assumed that
the electron gains the required energy during half
of the period of optical oscillations. It means that
the tunneling current density is determined by the
instantaneous value of the light wave intensity, and
we can actually carry out our further estimations
using the stationary approximation.

Thus, we can use for estimation of current den-
sity a Fowler-Nordheim expression for the tri-
angular barrier in an electric field with constant
strength E [7]:

3 1/2

e )7 2 ky 3
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@ - eEx

Metal Vacuum

Fig. 2. Potential barrier at the metal / vacuum boundary.

where p is the Fermi energy, ¢ is the work function,
k,=8m’m/h’.

If ¢ and p are denominated in eV, and E is domi-
nated in V/cm, this equation can be rewritten as

1/2
j=887-10° . —F .’
(p+u) 9"

3/2
exp{— 6.85-10" %} [A/em?] - (2a)

This expression will be used below for evaluation
of the ionization degree of nanoparticles caused by
the field emission of electrons.

When estimating the ionization degree, we
must take into account that due to electron emis-
sion process we must expect strong changes in
the total charge of the particle that leads in turn

Table 1. Characteristic ionization times 7 [s] for several metals.

Intensity g [W/cm?]
(Field strength E [V/cm]) 5.10" 102 5.10" 108
Metal (¢, eV) (19-10) | (27-107 | (6.1-10) | (8.7-107)
Cesium (1.8) 1.7 - 107" 1.2-1071 5.2-.107'° 3.7-1071°
Barium (2.5) 2.0-10°% 1.4-10°% 6.2-1071° 4.3.1071
Argentum (4.3) 2.6-107%° 1.8-10°%° 8.0-1071° 5.7 -1071°
Aurum (4.6) 2.7 -107%° 1.9-10°" 8.4-1071° 59.1071°
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to a permanent increase of the work function
value ¢ during emission, as electrons carry away a
negative charge AQ from the particle.

The additional potential AU at the surface of a
spherical drop can be written as AU = AQ/C, where
C is the capacity of the particle. As the capacity
of a spherical particle is proportional to its radius
R, C = 4mee R (e = 1, ¢, = 8.854 - 10" F/m), we can
expect the increasing in potential barrier height at the
particle boundary due to outflow of the charge AQ.

The work function growth is given by the fol-
lowing expression:

Ap = AQ/(Amee R). (3)

As it was mentioned above, in the interesting in-
terval of light intensities we can use the stationary
approximation for calculating emission. It means
that we can get a rough estimation of the field emis-
sion rate under the permanent growth of the drop
charge by using a simple recursive scheme:

1. For the fixed value of the work function (at
the Ist step using the standard value for the elec-
trically neutral drop (¢, = ¢,)) we calculate the
emission currentdensityj, =j(¢,) usingEq.(2)and
the total current J(E,¢,t) =27 J. Jrdr = 4nR*j
from the whole drop surface for a half-period of
light wave (At). We suppose that the charge of
the drop will change only slightly for this inter-
val (in other cases we can always choose a small-
er time interval for which this assumption will
be surely correct);

2. Using the calculated value of the total cur-

rent, we have to estimate the variation of the

drop charge, AQ, , for the given time interval,

AQ,, =4-m-R*-j - At,and to calculate a new

value of the work function, ¢, = ¢+ AQ, /

(4mee R), for the charged drop;

3. At the next time step, we must repeat the

calculations of the emission current using the

new value of the work function, and so on...

The application of the above-described proce-
dure makes it possible to estimate the ionization
degree of the nanoparticle under the light action
(with the pulse duration 7). It is evident that the
ionization degree for a nanoparticle with radius R is
defined by the total losses of negative charge Q . .

during the pulse action and can be estimated as

Teff

Qemission ~4- 7ZR2 : Z.]((D)At In the stationary
At

case, the emission occurs independently for every

half-period of light wave, and the total electron
losses are simply summarised for the whole pulse
duration. We must only keep in mind that the den-
sity of emission current varies in time, tracing the
work function variations due to the permanent
growth of the positive charge of the drop.

So, the total ionization degree of a nanoparticle
to the pulse end can be estimated as

Q emission  _ é Q emission

L= 4e-N-m-R (4)

Ce-N-V

drop

where N is the electron density in metal.

Figures 3-5 illustrate some results obtained
using the above-described procedure for the Cs na-
noparticle (¢ = 1.8 eV, u = 1.5 eV) with radius R.

It should be emphasized that the estimations
were carried out on the basis of the simplest mo-
del for the massive metal and triangular barrier. For
the quantitative calculations, the model should be
modified taking into account two factors:

o The shape of the real potential barrier is
determined by the superposition of two poten-
tials: the potential of the external field, and the
internal Coulomb potential of the nanoparticle
itself, which varies in time with the growth of
uncompensated charge inside the particle;
o As we deal not with a massive metal, but
with a small particle the size of which is com-
parable both with the penetration depth of ra-
diation into the metal and the electron free path
length, the correct model should take into ac-
count the spatial redistribution of the electron
density inside the particle due to the partial pen-
etration of the external field into it. This redistri-
bution should also affect the tunneling probabil-
ity, at least for the particles that are smaller than
the depth of the skin-layer.

Methods of calculating the tunneling probability
for the barrier with arbitrary shape are well known
(see, for example, [8-10]). Unfortunately, their prac-
tical application is possible only by using the numeri-
cal calculations. This may strongly obscure the mod-
el, which we tried to avoid at this stage of the study.
That is why we have used in this paper the simplest
model, which gives rather good estimations of the
order of magnitude for the parameters of interest.
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Fig. 3. Dependences of (a) ionization degree, (b) work function, and (c) total number of electrons that left the nano-
particle on light intensity q.
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Fig. 5. Dynamics of ion spreading from a spherical particle for the nanoparticle-at-the-substrate system.

It can be seen from Figs. 3-5 that the work func-
tion growth strongly affects the achievable value of
ionization degree, but it still permits to get the ioni-
zation degree of the drop of about 10~°-10~* for the
reasonable levels of light intensity.

4. Simulation of ion motion dynamics
(continual approximation)

As it can be seen from the above estimations, at light
intensity of about several tens of TW/cm? the degree
of ionization of a nano-sized particle can reach the
value of ~10~*-10~°. An uncompensated charge,which
arises in this case, is large enough to cause the move-
ment of heavy ions in the electrostatic field induced
both inside the particle and outside it. As already
noted, some of the emitted ions penetrate under the
surface of the substrate, which leads to a modifica-
tion of substrate parameters near the nanoparticle
on a scale comparable with its initial size. Particular-
ly distinctly the mechanism of “nanoimplantation”
must appear under the action of an ultrashort laser
pulse, when thermal processes cannot occur during

the pulse action, so there are no masking effects for
the Coulomb explosion of the nanoparticle. Besides,
under the USLP action the processes of the forma-
tion of the charged area and the outflow of ions from
nanoparticles are separated in time (photoioniza-
tion occurs during the pulse, while the movement of
heavy ions starts after its ending). The analysis can
be greatly simplified by executing it in two conse-
quent steps: the creation of an ion source (during the
pulse) that was discussed above, and ion implanta-
tion of the substrate (after the pulse). The dynam-
ics of ion movement in our case is similar to that in
the electrolysis of molten salts or in the implantation
of the fast ions in a condensed medium. In all these
cases, the rate of directional movement of ions in the
medium, as the Lindhard-Scharff-Schigtt model
predicts, falls under the linear friction law. However,
unlike the case of molten salts, ion mobility is much
higher, and their velocity reaches 10° cm/s. Therefore,
the ions can get out from the nanoparticles during
the times <107 s, that is faster than a neutral core of
the particle would damage.

To analyse the dynamics of the ion expansion, we
used a simplified model proposed earlier [4-6] for
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description of the Coulomb explosion of partially
ionized nanoscale particles. It differs from the me-
thod of molecular dynamics (MD) widely used for
these purposes [1, 2, 11, 12] and allows one to de-
scribe analytically the process of destruction (at least,
for model situations; for example, for a spherically
symmetric geometry). In other cases, this approach
permits one to conduct a simple computer simula-
tion of the dynamics of the atoms and ions that make
up the nanoparticle, correctly describing the main
processes, but consuming the computer resources by
several orders less than when using the MD.

Thus, the proposed method makes it possible to
trace the outcome of the charge equilibrium violation
in real systems containing 10°-10° elements, but not
in ensembles consisting of 10°-~10* particles, as it can
be done by the MD method. In the framework of the
simplified model, interaction between ions is calcu-
lated exactly, and interaction of ions with electrically
neutral particles is calculated only approximately.

The main features of the model are as follows:

o Itisassumed that charged particles are ini-

tially distributed in space randomly.

o  Every step of the calculation of ion motion

parameters (position, velocity and acceleration)

is performed for each particle due to Coulomb

interaction with all other charged particles in the

ensemble.

o The collision of charged particles with

“neutrals” is taken into account by introducing

the mean free path of ions before the collision.

Another free parameter used in the model is a

part of energy that is lost in the collision. It can

vary from 0 (elastic scattering) to 100%.

o Itisassumed that the ion motion is stopped

if the total Coulomb potential at the point of the

ion’s disposition is smaller than the activation

energy of migration of point defects.

To illustrate the calculation results, Fig. 5 and
Fig. 6 display the instant spatial distributions of

r=1810"5
-
Nanoparticle radius
& = _ F=4510"s
10% difference
from line to line
t=9510"5s
r=1310"s
r=1.7510"%

Fig. 6. Concentration profiles N(r, z) of implanted ions for various time moments.
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ions both inside and outside the nanoparticle for
different times and spatial profiles of the ion con-
centration which penetrates into the surface layer
of the substrate. The typical energy spectra of ions
at different calculation steps are shown in Fig. 7.

a step 1000
b step 2000
¢ |—— step 3000
d stop 4000

0.0 0.5 1.0 15 2.0 25
Energy (arb.units)

Fig. 7. Energy spectra of ions at different calculation
steps.

For estimations we use the following set of pa-
rameters: particle radius 75 nm; initial average
distance between ions 5 nm (it corresponds to the
ionization degree of about 10™* - 107°); mass of
ions 3.2 - 10 g; ion free path length before colli-
sion 1 nm; fraction of energy that ion loses in colli-
sion 50%; activation energy of point defect migra-
tion in solids 1 eV.

The computation shows that even at a rather
small initial degree of nanoparticle ionization (i. e.
at moderate levels of light intensity) a sufficient
amount of ions can penetrate into the near-surface
layer of substrate to the depth that is comparable
with the nanoparticle size.

The most characteristic feature of ion distribu-
tion is that the maximum of their concentration
lies under the surface at a distance of about the
particle size.

The physical nature of this specific profile is evi-
dent. Unlike other (beam-based) methods of im-
plantation, where the fixed ion can only lose its ini-
tial energy and ion density continuously falls with
the depth, in our case the permanent source of in-
duced electrostatic field inside a ionized nanopar-

ticle stimulates the ion acceleration even under the
surface. So, ion movement lasts until the Coulomb
potential in the point of ion disposition becomes
less than the activation energy of ion migration in
solids.

We discuss this peculiarity of ion penetration in
detail because it gives the opportunity for direct ex-
perimental checking of the implantation mechanism
by the measurement of impurity density distribution
across the near-surface layer after irradiation.

5. Conclusion

We propose a new possible way of laser-induced
modification of the dielectric surface layer by using
the ionized nanoparticles at its surface. The results
of conducted simulation of the damage peculiari-
ties of irradiated nanoparticles show that heavy ions
arising in nanoparticles after short-pulsed light ac-
tion can penetrate rather deep into the near-surface
layer of the dielectric substrate and cause serious
modification of its structure and properties.
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DIELEKTRIKU KEITIMAS NANOMASTU, VEIKIANT »~NANODALELES
PAVIRSIUJE“ SISTEMA ULTRATRUMPAIS LAZERIO IMPULSAIS

V. L. Komolov
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Santrauka

Pateikti kietyjy nanodaleliy ant dielektrinio pavir-
$iaus atsako j ultratrumpuyjy lazeriniy impulsy poveikj
teorinés analizés rezultatai. Nanodaleliy, visam laikui
pakei¢ian¢iy kravj, jonizacijos laipsnis, priklausantis
nuo sudéties, intensyvumo ir lazerio impulso truk-

meés, jvertintas naudojant paprastg analizinj modelj.
Nanodaleliy neterminio suirimo dinamika ir susije
poky¢iai substrato pavirsiuje dél jony, i§spinduliuoty i§
nanodaleliy, implantacijos nagrinéti pasitelkiant skait-
meninj modeliavima.



