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The formation of silver cluster structures at submicrometer spatial scales under the irradiation by high-power
femtosecond laser pulses with high repetition rate was observed in various glasses containing silver ions. In
order to account for the formation of these structures in metal-doped glasses, we present a theoretical model for
the organization of noble metallic clusters induced by a train of femtosecond laser pulses. The model includes
photoionization and laser heating of the sample, diffusion, kinetic reactions, and dissociation of metallic species.
This model was applied to reproduce the formation of cluster structures in silver-doped phosphate glass. The
parameters of the silver structures were obtained numerically under various incident pulse intensities and number
of pulses. Numerical modeling shows that the involved microscopic physical and chemical processes naturally
lead to the emergence of a silver cluster organization, together with charge migration and subsequent trapping
giving rise to a strong static electric field buried in the irradiated area as experimentally observed. Based on this
modeling, a theoretical basis is provided for the design of new metallic cluster structures with nanoscale size.

DOI: 10.1103/PhysRevA.93.013846

I. INTRODUCTION

New optical functionalities created by direct laser writing
(DLW) are among the impressive developments in modern
optics. DLW based on high-repetition-rate femtosecond laser
systems with high average powers is used to create all-
optical switchers and other innovative photonics elements
[1,2]. Femtosecond laser processing of glasses doped with
photoactive agents (metallic ions) provides the possibility
for controllable formation of color centers, metallic particles,
and structures of submicron size in the bulk glass [3-11].
Fluorescence of metallic clusters [5], surface resonances of
metallic nanoparticles [12-14], and effective second-order
nonlinear response of glass assisted by metallic structures [6,7]
are promising tools for high-resolution optical data storage
technologies.

During DLW in photosensitive glasses doped by noble
metal (Cu, Ag, Au) laser pulse can induce the nucleation of
the metallic ions and further cluster formation, which seems
to be a universal clusterization process [9] under appropriate
reduction-oxidation (redox) conditions. Indeed, the relation
between the glass redox potential, the possible redox species of
the considered metallic ions, the laser-induced ionization rate,
and the strength of the thermal heating define the possibility
of the metallic cluster formation in the bulk medium [15].

During the last years, a strong effort thus has been devoted to
develop high-quality silver-containing optical glass materials,
namely, based on a zinc phosphate glass matrix, as well
as their laser structuring, which has led to the formation
of highly fluorescent silver clusters and correlated nonlinear
optical properties [3-6,9,16,17]. Figure 1 reports on a highly
similar behavior in two commercial glassy matrices in which
we had injected silver ions by thermal poling, namely, a
microscope slide sodocalcique glass and a SIMAX borosilicate
glass, respectively (Fig. 1). These breakthrough observations
in adapted commercial glasses with broadband industrial
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applications suggest the universality of the laser-induced
processes in systems containing noble metallic ions. Such
a universal behavior strongly motivates the improvement of
the understanding of the involved coupled phenomena, as
those already studied in the silver-containing zinc phosphate
glass. Indeed, this matrix has shown to have the appropriate
properties for such DLW by the high-repetition-rate high-
power near-IR femtosecond laser without additional annealing
of the glass sample [6-8,17].

The phenomenology of this process is relatively compli-
cated. The interplay between various microscopic physical
and chemical mechanisms, associated to different time scales,
gives rise to the emergence of a mesoscopic behavior taking
place on submicrometer spatial scales, ultimately leading to
a cluster organization in the glass. The resulting organized
pattern is hereafter referred to as metallic nanostructures. The
fastest process is ionization of glass during the femtosecond
time scale of the laser pulse. The created free electrons diffuse,
recombine with holes, and get trapped by the glassy network
and metallic ions [15]. In the same time, electrons absorb the
laser energy, which is transferred later into the lattice through
collisions. If the characteristic time for thermal diffusion is
longer than the interval between two successive pulses, the
glass temperature increases during the pulse train, and the
diffusion of metallic species can be thermally activated. At
the same time, kinetic reactions produce metallic clusters,
which may also be photodissociated in the region where the
intensity of the next laser pulse is higher. Thus, cumulative
creation of clusters takes place at the periphery of the beams,
where the laser intensity and laser-induced temperature of the
glass are low enough to prevent from dissociation, but still in
the area of the beam where ionization and redox processes
are launched. The laser-induced redistribution of metallic
species provides a stabilized space charge separation inside
the glass [8]. Local nonlinear properties are thus written in the
glass, correspondingly to the electro-optical effect that arises
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(a) Zinc phosphate : Ag

(b) Sodocalcique : Ag

(c) Borosilicate : Ag

FIG. 1. Microscope fluorescence imaging (excitation at 375 nm)
of laser-induced silver clusters in three distinct glass matrices,
highlighting the universal behavior of femtosecond direct laser
writing in silver-containing glass matrices: (a) previously studied zinc
phosphate glass [3—6,9,16,17]; report here of the similar formation
of silver cluster structures (b) in a sodocalcite glass, and (c) in a
borosilicate glass [18], both prepared by silver injection by thermal
poling, similarly to what is described elsewhere [19]. Scale bar is
20 pum in each case.

from the formation of a static electric field E4. associated to
the submicron nanoclusters formation. Such a static electric
field creates locally an effective second-order susceptibility
whereas it is zero before any irradiation of the glass (due
to considerations on the lattice symmetry). Locally induced
second harmonic generation is thus possible with various
promising applications.

In silver-ion-doped glasses, silver species that appear after
ionization process Ag’,Ag>" together with silver ions Ag™
react to form the first stage of stable silver cluster Ag,* and
further clusterization stages Ag,, **,m > 2[20,21]. In the case
of an axially symmetric input laser beam and high enough input
intensity, the clusterization process provides the formation
of ring-shaped silver nanostructures. The associated space
charge separation in silver nanostructures creates a frozen
electric field E4. with cylindrical symmetry. The value of
the static electric field E4. is very high and reaches up to
~10° V/m, almost corresponding to the electrical breakdown
of the material, which allows the appearance of an effective
second-order nonlinearity Xe(?f) = 3E4 x® with values about
~1 pmV_1 [6,8,17]. Such a second-order response forms a
one- [8] or two-ring [6,17] shape, being coaxial with the
fluorescent silver nanostructures [3-6].

To provide a clear understanding of the nanostructure
formation and of the space charge separation process, there
is a need to model the described-above laser-triggered kinetic
reactions, diffusion, and dissociation of metallic species,
together with the pulse-to-pulse laser heating of the sample.
Such a theoretical development is addressed in this paper.
We present the physical model and the associated numerical
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simulation of metallic nanostructure formation under a irradi-
ation by train of femtosecond laser pulses. The heat diffusion
equation with a laser-induced source term is coupled to the
diffusion and kinetic equations of silver species through the
thermal dependencies of the diffusion coefficients and kinetic
rates according to the Arrhenius law. In turn, the resulting
pulse-to-pulse electric field, calculated according to Gauss’s
law, plays arole as an electric field driving force in the diffusion
of charged species, which is included in the derived diffusion
equation. Thus, the complex physical and chemical effects are
coupled in time and space.

Although the present model is developed for silver-doped
phosphate glass, it can be generally applied to other pho-
tosensitive glasses. As it was demonstrated experimentally
(Fig. 1) for silver-containing sodocalcique, borosilicate, and
zinc phosphate glasses, the clusterization process of silver ions
and further silver nanostructures formation exhibit a universal
behavior for all considered glasses.

Simulations were performed for silver-doped phosphate
glass. The model quantitatively reproduces the parameters
of silver cluster radial distribution, that was observed exper-
imentally in previous works [5]. The numerically obtained
dependencies of the radius R of ring nanostructure on the
input laser pulse intensity and number of laser pulses in a train
are in good agreement with the experimental observations.
Based on a preliminary study, it is also able to describe the
appearance of a frozen electric field that corresponds to the
space redistribution of charged silver species which leads to
the local breaking of the centrosymmetry, enabling direct laser
poling of the irradiated glass, and thus the local creation of the
second-order nonlinear optical response.

The paper is organized as follows: Section II presents in
details the full model; Sec. III includes the used parameters to
define the diffusion, kinetic, and dissociation processes. It also
includes the main results obtained using the full model and a
simplified form, that can be used for defined purposes under
several assumptions, and the comparison of numerical results
and experimentally observed data. Finally, the discussion and
possible model predictions followed by the conclusion are
given in Sec. IV.

II. PHYSICAL MODEL

A. Phenomenological description of the
silver cluster formation and general model

Going from the general description of the laser-induced
nanostructure formation in glass to the detailed description of
the physical model we used, let us start with the schematically
presented process of silver ring structure formation in glass
(Fig. 2). First, free electrons are promoted during the laser
pulse: yellow circle corresponds to the radial distribution of the
free electrons in Fig. 2(a). In the area of maximal concentration
of free electrons [green circle in Fig. 2(a)], the Ag’-formation
kinetic reaction (Agt + e~ — Ag) begins according to the
dependence of the kinetic reaction rate on the components’
concentrations and the presence of electron diffusion. Note
that there is a difference between a real metal atom Ag® and a
pair (Ag" + e~) composed of an electron that is localized
near a silver ion, without fully belonging to it, but being
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FIG. 2. Scheme of physical processes involving during the laser-induced nanostructure formation in silver-doped glass.

shared between surroundings. The second scenario is most
probably realized under our considered conditions. Thus, in
the modeling, Ag® defines the pair of silver ion and trapped
electron Agt +e™.

During the Ag° formation, holes are trapped by silver ions
Ag": ht + Agt — Ag’t and the product of this trapping
process is assumed not to be mobile. Indeed, Ag*" should
be considered rather as a hole trapped next to a silver ion Ag™
than a purely doubly ionized silver ion. Thus, the mobility of
such a pair is negligible compared to the mobility of Ag™, due
to its delocalization around the phosphate chains that form the
glass network. These fast processes of charge trapping compete
with different recombination processes (e~ + h™, h™ + Ago,
e~ 4+ Ag®"). The concentration of Ag*" is not presented in
Fig. 2 to simplify the illustration.

The reaction e~ + Ag™ — Ag® terminates when the con-
centration of electrons vanishes. At this moment, the distribu-
tion of Ag® qualitatively corresponds to the slightly diffused
distribution of previously existing free electrons [green circle,
Fig. 2(b)]. The absorbed laser pulse energy induces an increase
in the temperature in the on-axis region and is followed
by heat diffusion [blue arrows, Fig. 2(b)]. The diffusion of
the Ag® [green arrows, Fig. 2(b)] is strongly activated by
the temperature, which allows this species to meet the Ag*
ions and, at the same time to take part into the following
kinetic reaction: Ag’ + Ag™ — Ag,™. The small red circle
[Fig. 2(b)] reproduces the beginning of this reaction in the
area of maximal concentration of Ag’. The reaction of first-
stage silver cluster formation Ag’ + Ag™ — Ag,™ is finished
when the concentration of silver atoms Ag® vanishes. So, the
distribution of Ag,™ qualitatively corresponds to the slightly
diffused distribution of previously existed Ag® [red circle,
Fig. 2(c)].

Because of fast trapping processes and associated kinetic
reactions, the concentrations of free electrons, holes, and
intermediate component Ag’ vanish before the next pulse.
The next laser pulse destroys silver clusters through a
photodissociation process in the on-axis region, where the
laser pulse intensity is sufficiently high. Together with that,
the laser-induced heating of the sample may prevent from
the formation of clusters in the region where the temperature

is high enough. In the same time, the next laser pulse
creates the free electrons’ population, that gives rise to
kinetic reactions of cluster formation. The above-described
cycle repeats from pulse to pulse, and the undissociated
silver clusters are accumulated on the periphery of the beam
forming the ring-shape structure [3—0] after the irradiation by
a train of laser pulses [Fig. 2(d)]. Fast-diffusing free electrons
destroy the initial spatial charge neutrality of the electron-
hole plasma in the laser focal spot and create an ambipolar
electric field. Further trapping of electrons and holes provides
the formation of frozen charge redistriblltion in space, and
corresponding radial static electric field Eq4. [black arrows in
Fig. 2(d)].

The present general model includes the equations for the
evolution of temperature T, electrons concentration 7., holes
concentration n,, and metallic species concentrations 7y
describing the clusterization process. For different glasses and
doping metallic ions, only the kinetic equations should be
changed according to the chemical processes involved in the
metallic ion clusters formation. The model can be presented
as a general form:

oT
i p,, + Sins (D
on, -
o = Lp(T.ne) + Uy(T,ne, Egc)
+lg(ne,np,ny) + T+ Cpigs(ny), ()
8nh
a5 = Cx(mp,ne,ny)+ Ty, 3)
8I1M -
rvale Cp(T,np) +Ty(T,ny, Eq)
+lk(p,ne,ny) £ Tpigs(npy), 4
VEdC — Q(nManeanh) (5)

€0€dc

where gy and eq. are vacuum and relative permittivities.
I'p, and S, in Eq. (1) are the heat diffusion term and
the laser-induced heat source term, respectively. In Eqgs. (2)
and (4), I'p(T,n) and I‘M(T,n,EdC) represent the diffusion
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and the mobility terms of involved components. Since the
hole mobility is generally much lower than the electron
mobility in dielectric media [22,23], it is assumed that the
hole diffusion and mobility terms can be neglected in Eq. (3).
'k includes the kinetic reactions of metallic species, and
I'; is the laser-induced electrons and holes source term in
Eqgs. (2) and (3). I'p(T',n) and I"y;(T',n). The dissociation term
[ piss(npy) corresponds to the dissociation pathways of the
involving metallic clusters. Its sign is negative if the metallic
species is the dissociating cluster, and it is positive if the
species is the product of the dissociation. In Eq. (5), Q is the
self-induced electric charge redistribution, and Eg4. describes
the corresponding static electric field that builds up from pulse
to pulse.

In the particular case of silver-doped glasses, the rate
equations are presented for the silver ions Ag*, intermediate
silver component Ag®, doubly ionized silver ions Ag*", and
silver clusters AgQJr concentrations. In this model, we do not
consider further silver clusterization process and formation of
larger silver clusters Ag,,**, m > 2. This assumption is based
on the fact that the Ag, ™ is a not mobile long-living cluster, that
in general is the background for the further cluster growing.
Thus, the distribution of the Ag, ™ already provides us relevant
information about the area of larger silver cluster formation.

The mobility of zinc ions Zn>* in phosphate glass (the
conductivity of zinc-oxide containing phosphate glass is
polaritonic [24]) is negligible in comparison to the mobility
of silver ions Ag* under the temperature below the transition
glass temperature 7.

So, according to this general description, the metallic
species concentrations are ny = {n Agt TG0 TAg T AgH }. We
suppose that the Ag* and Ag® are mobile, while the Ag>* and
Ag,™ are not mobile. Equation (4) takes the following form:

3nAg+
T Ip(T,nagr) + Tm(T nag)
+ D (Magt Re iy M0 M p g2+ MAG, +)
+ FDiSS(nAg2+)’ (6)
anAgo
il Pp(T.npg) + (g0 nenp,nagh ,nagee Niag,+)s
)
3nAg2+
at = FK(nAngr7nevnhvnAg+7nAg0)a (8)
8nAg;r
T = FK(nAngrvnAg*vnAg“) - FDiss(nAg2+)- )

During the evolution of involved species concentrations
described by Eqgs. (6)—(9), the total number and total charge of
the components are conserved. The considered physical and
chemical processes are detailed in the next subsections. Fi-
nally, they are all coupled and numerically integrated together
according to the general description based on Eqs. (4) and (5).

B. Absorption of the laser pulse energy

Absorption of the laser pulse energy in general can be
estimated using an approach that accounts for multipho-
ton ionization (MPI), impact ionization, and recombination
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[25-30]. The laser-induced electron and hole source term for
one pulse in Egs. (1) and (2) is

I\, I n, |
F1_0K<%) (nm—ne)—i—oigne—l_—r, (10)
where I(r,t,z) is the intensity distribution of the laser pulse.
The first term corresponds to MPI process. The second term
corresponds to the impact ionization process, where o is the
inverse bremsstrahlung cross section, and the last term in
Eq. (10) corresponds to the recombination process with the
electron-hole recombination time T,.
The intensity of the laser pulse decreases according to the
equation

a1 1\
3 = _O'K<%> (nd, —n.)Kho — oIn,, (11)

where the input laser pulse intensity distribution I|,—o =
Ly®(r)e ™% with 19 = 7,/2+/In2, 7, is the laser pulse
duration (FWHM), ¢ € [0,L.]. The time in the frame moving
with group velocity of the laser pulse v, is T = vyt — z, and
the position of the laser pulse in space, correspondingly to its
central time slice (t = 0): { = v,t.

Based on the absorption spectrum of the phosphate glass
without silver ions [31,32], the band gap is typically estimated
to be about 5 eV [32]. For silver-doped phosphate glass, the
band-gap value is estimated to be 4 eV [33]. This decrease
in the band gap is due to the appearance of states located
in the band gap, induced by the presence of silver ions in
the phosphate glass matrix. We thus consider the four-photon
ionization process of Ag-doped phosphate glass with the cross
section o4 = 14.1 x 1078 cm?® s>, that was estimated based
on the experimentally measured absorption [16]. The density
of neutral atoms was taken as n°, = 7.42 x 10*2 cm~3 [16].
We have checked that this value of the four-photon absorption
cross section is comparable to predictions from the Keldysh’s
expression [25] in the considered range of intensities.

The experimentally measured absorption of such an ionized
phosphate glass lies in a range from 0.04% to 0.5% of the
incident laser pulse energy for pulse intensities from 2 to
8 TW/cm?. The corresponding estimation of the free-electron
density is based on the absorption measurements and appears
to be of the order of 10'7 cm™3 [16]. The small values of the
electron density and absorption indicate that impact ionization
and subsequent electron avalanche are negligible. That is also
in agreement with the absence of dielectric breakdown in the
considered laser-matter interaction process.

Solving the system of equations (11) and (10) during the
propagation of the strongly focused laser pulse in the glass
along the Rayleigh length under the above-described condi-
tions, without the avalanche term to account for experimental
observations, the recombination time 7, is found to be about
200 fs to account for both observed electron density and
absorption.

To simplify the modeling, we set the electron and hole
source term after each laser pulse to 77.(r) = nSCD(r)K , Where

nY is a constant equal to 10'7 cm™3 for all considered pulse

e
intensities. Here, ®(r) represents a normalized beam shape
with radial symmetry, where r is the radial coordinate and K

is the order of the multiphoton ionization process. Thus, for
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train of laser pulses, the electron and hole source term is
N,

Ty =Y w8 —nip), (12)

n=1

where t; = % N, is the number of laser pulses in a train, and
v is the laser repetition rate.

Finally, to estimate the absorption of the laser pulse
intensity, we solve Eq. (11) with n, = n.(r) skipping the
avalanche term.

The radial distribution of the absorbed energy density S(r)
is

1 +00
S(F) = —f Lops(r,T)dT, (13)
L;‘ —00
where Lps(r,t) = 1(r,7) |;=0 —1(r,T) |¢=r,. The value of the
absorbed energy E,p; is

o0 o0
E.s = / f Ly (r,0)r drdr. (14)
o Jo

Note that we do not include the nonlinear effects as
Kerr self-focusing and laser-induced plasma defocusing of
laser pulse in the considering laser pulse propagation process
because they do not play a key role: the strong focusing regime
dominates self-focusing cubic nonlinearity and low plasma
densities do not provide efficient defocusing of the pulse
tail. Moreover, we assume that each laser pulse goes through
the unmodified medium and thus the value of the absorbed
energy for each laser pulse in the train remains the same.
Such an assumption could be made because of relatively low
changes of the refractive index (less than 1073 in the present
case [34]). Also, the possibility of the appearance of a new
ionization pathways according to the creation of silver species
(Ag%,Ag?" Ag,*) is neglected because of the high-ionization
potential: for Ag and Ag™ itis 7.6 and 21.5 eV, respectively,
and the ionization potential of silver clusters is of the same
order.

An estimation of the absorbed energy and a comparison
with the experimental values is provided in Sec. III B.

C. Diffusion processes

The temperature distribution in space and time is calculated
according to

O Dy AT + %S( (@t —ntr),  (15)
- = r —n ,
a1 th Cop L

n=1

where S is the heat source term calculated according to
Eq. (13), C,, and p are specific heat capacity and the density of
the glass, respectively, N, is the number of laser pulses. The
heat diffusion coefficient D, in the glass is assumed to be con-
stant because the temperature of the glass does not exceed the
glass phase transition temperature and the glass remains in a
solid state during the laser heating process. The first term on the
right side accounts for the temperature diffusion I'p,, and the
second term is the laser energy absorption term S, in Eq. (1).

Diffusion I', and mobility I"y, terms of general model for
silver ions Ag™ and electrons e~ are coupled:

— -
I'p+Ty =V(DVn)—V(uEqn), (16)
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where D is the diffusion coefficient of the considered species,
n is its concentration, y = %D is the mobility in the electric

field Edc defined according to the Einstein relation, and g is
the particle charge. For metallic species, the diffusion process
depends on the lattice temperature 7. To include thermally
activated processes, the diffusion coefficient D is expressed as

D(T) = D(To)exp(Eq/ kTo)exp(—E./kT), — (17)

where k is the Boltzmann constant and E, = 0.8 eV is the
activation energy [35].

Note that the Debye length for an electron density of
10" cm™ and a temperature of 0.1 eV (estimated by a two-
temperature model [22]) is of the order of 10 nm. To calculate
the static electric field due to the charge separation process, we
account for all charged particle densities (participating in the
considered process) with a spatial resolution of at least 0.5 nm,
thus significantly smaller than the Debye length. In addition,
the electron diffusion length during the recombination time
(roughly 200 fs) is of the order of 1 nm, thus shorter than
the Debye length. The local charge is thus conserved and the
electrostatic properties of the material are supposed to be well
described under this framework.

The diffusion processes of the charged partigles (metallic
ions, electrons e™) induce an the electric field Eq. inside the
glass sample. The electric field Eg. is calculated according
to Gauss’s law [Eq. (5)]. The charge redistribution Q is the
sum of all charged species concentrations taking into account
the sign and density of the charges. So, the mobility term
in diffusion equations of mobile charged particles accounts
for the influence of the static electric field Edc which builds up
during the diffusion process of the mobile particles. For neutral
metallic species M°, only the diffusion term I'p is taken into
account since the mobility in the electric field u is zero.

The charge redistribution Q for the particular case of silver-
doped phosphate glass is calculated according to

q—oznAg+ +2nAgz+ +nag s +np —ne —ng-, (18)
where g is the absolute value of the electron charge. This
equation takes into account the concentrations of silver ions
Ag", doubly ionized silver ions Ag>", silver clusters Ag,™,
electrons and holes, and the input negative charge of the
phosphate glass matrix that corresponds to the input silver
ions distribution: n;- = n0Ag+.

D. Kinetic reactions

In this section, we present the kinetic terms I'x of the
silver clusterization process that is used for the application
of the general model. For considered silver-doped phosphate
glass, the kinetic terms ['x describe the electrons e~, holes
ht, silver ions Ag~, complexes of silver ions with electrons
Ag’, doubly ionized silver ions Ag>*, silver clusters Ag,*.
First of all, high intensity of femtosecond laser pulse provides
the photoionization of the glass. Appearing in this process,
photoelectrons and holes are trapped by silver ions Ag™.
So, there are three fast competitive processes after laser
irradiation: electron-hole recombination, Ag™ + ¢~ — Ag
and Ag™ +ht — Ag*" [20,21,36]. As soon as Ag’ and
Ag”" appear, the opposite reactions of recombination of these
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“frozen” charges with free electrons and holes begin: Ag’ +
ht — Agt, Ag’t + e~ — Ag?. Further chemical reactions
of silver species provide the formation of the first stage
of stable silver clusters: Ag™ + Ag® — Ag,™ [20,21,36]. At
the same time, charge-recombination reaction is possible
also: Ag’>t + Ag® — 2Ag™. For electrons and holes, I'x in
Egs. (2) and (3) is

Ck(ne,...) = —K.neny — Kynpgen, — Kyponpgen, (19)
and
'k, ...)=—K,n.n;, — K,nAgonh — KAgz+nAg+nh. (20)

Here, the first terms in both equations (19) and (20) are the
same: electron-hole recombination process characterized by
the recombination constant K, estimated as K, = 1/ (t,ng).
The second terms are electron Ag>* or hole Ag® recombina-
tions. The last terms are the electron or hole trapping by silver
ions characterized by thermally activated kinetic constants
K g0 and K pp2+.
In Eq. (6) describing the time evolution of 724+,

Cx(npgr,...) =— KAgonAg+ne — Kpgrrnpgrny

_ KAg2+nAg+nAgo + KrnAgU”h
+ Kinpgene + 2K pagtnpgeny o,  (21)

where the first and the second terms are the free electron
and hole trapping, the third term corresponds to the Ag,™
formation, the fourth and fifth terms describe the hole Ag® and
electron Ag>" recombination processes.

Similarly, in Eqgs. (7)—(9),

Pr(npgo, . ..) = Kpgoipagtie — Kag,+Npg+hpg

— Kinpgony — Kagrnpagenyo, (22)

Cg(ngge,...) = KAgz+nAg+nh — KrnAgzme

— KAg*”Ag“”Agov 23)

Fg(nag,+,...) = KAg2+nAg+nAgo. 24)

The thermal dependence of the kinetic constants is evalu-
ated according to the Arrhenius equation with preexponential
factor given by the collision theory [37]

Kag(T) = Kag(To)/ T/ ToeEe/ o= Eal KT (25)

This dependence is taken into account for reactions of silver
species formation. The K4, means here each of the kinetic
constants: K Agd> K Agts Kag,+> Kag+-Note that the temperature
growth of kinetic constants K.+, K Ag, T provides a decrease

in the influence of Ag® and Ag™ diffusion on the final
distribution of the Ag,™ since the chemical reactions forming
not-mobile products (Ag,*, Ag>") are fast enough to limit the
diffusion time of mobile reactants Ag® and Ag™.

Finally, it is important to mention that we do not take
into account the relaxation processes of silver components:
Ag," — 2AgT + e, Ag?" — Ag" 4+ ht. Such processes
are supposed to be important when the number of laser pulses
islarge N, > 10* because of the laser-induced increase of the
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glass temperature, and corresponding increase of the kinetic
constants of these processes.

E. Dissociation of silver clusters

The description of the particular case of laser-induced
silver clusters’ dissociation process used for the application
of the general model is given in this section. In general, the
dissociation of metallic clusters by high-intensity laser pulse is
a thermally assisted process that depends on the ratio between
the photon energy and the dissociation energies of different
dissociation pathways of the clusters.

Thus, in our modeling, the dissociation coefficient K ;g
is a phenomenological parameter that allows us to account
for the evolution of the silver cluster ring structure. Both
the high temperature of the lattice and the high laser pulse
intensity could be responsible for the decrease in the number
of silver clusters in the on-axis region. On one hand, at
sufficiently high temperatures (about 200 K lower than 7}, ) the
thermal dissolution of silver clusters occurs, that is described
by the interplay between the redox potential of the glass
composition, ionization of the glass, and glass temperature in
[15]. On the other hand, the photodissociation of silver clusters
occurs under the high-intensity laser pulse irradiation [3]. As
presented in the Appendix, this process can be described in
terms of multiphoton (two or three photons depending on the
size of silver cluster) dissociation. The behavior of such a
photodissociation function is similar to that what we use in our
simulations, but the steepness of the theoretical one is smaller.
It could be explained by the influence of the lattice temperature
on the cluster dissociation process. Thus, the joint dynamics
of these processes, thermal dissolution, and photodissociation
of silver clusters provides the effective decrease in cluster
concentration in the on-axis region. The laser irradiation or
the thermal annealing (up to 7}, ) of the cluster-containing glass
sample do not provide such effective cluster dissociation if they
contribute separately [7,38].

Following the model assumption, where only the smallest
silver cluster Agfr is considered, we account for the dissocia-
tion of Ag,™ using the next phenomenological approach. The
photoassisted and temperature assisted dissociation process of
silver cluster Ag,™ is assumed to go according to the reaction

Ag,T +how — Agt + Agh + e, (26)
when another pathway consists of the reaction [39]
Ag," 4 ho — Agt + Ag’. (7)

Our choice of reaction (26) had been done because in our
modeling the Ag® represents a pair of a silver ion and a trapped
electron that does not belong to the silver (Ag™ + e~). The
comparison between the two dissociation pathways [Eqs. (26)
and (27)] will be discussed in the Appendix.

The dissociation term in Eqs. (3), (6), and (9) reads as

N,
[ piss = pigs E Kiissnag,+8(t — ntr), (28)

n=1
where o ;s corresponds to the mass and charge conservation

according to the dissociation pathway used (o p;ss = —1 for
Ag,™, 2 for Ag", and 1 for e™).

013846-6



MODELING OF CLUSTER ORGANIZATION IN METAL- ...

Taking into account the fact that the intensity distribution
of the laser pulse corresponds to the energy deposition
in the glass and the temperature distribution, the behavior
of the dissociation function Ky;(r) is supposed to be a
“steplike” function according to the multiphoton order of the
photodissociation process. For sufficiently high laser pulse
intensity, in the on-axis region of the Gaussian beam, the
value of Kg;s(r) is close to unity, meaning that all silver
clusters will be destroyed. On the periphery of the beam, the
value of the dissociation function K ;. (r) is close to zero,
and most of the clusters remain undestroyed. Thus, K ;5s(r) is
phenomenologically presented as a function of the absorbed
laser pulse energy by the dependence on the source term S in
the heat diffusion equation (15):

Kaiss(r) = 1 —exp[—=S(r)" /8] (29)

The two free parameters Sp and N describe the position and
the steepness of the dissociation threshold. The discussion
on the possible way of theoretical description of dissociation
function and the reasons to use in our simulations this
phenomenological approach are presented in the Appendix.

F. Simplified model

We have developed a simplified model of silver cluster
formation to decrease the numerical calculation time, and thus
to be able to reproduce the silver clusters’ distribution under
up to 108 laser pulses. The simplifications have been made as
follows.

The laser-induced increase in glass temperature 7 pro-
vides an exponential increase of the kinetic constants
K g+, K g2+, K g0 according to the Arrhenius law [Eq. (25)].
That gives rise to a competition between fast processes
involved in silver cluster formation, and various charge
recombination processes. To simplify the general model
previously presented, the ratio of silver cluster number to
the number of electrons that appear after one laser pulse:
Ry = nag,+(r = O)/ng, R, < lisfixed. This assumption gives
us the possibility to skip certain kinetic equations as follows:
the equations for electrons and holes can be reduced and the
value of silver clusters Ag,* (and doubly ionized silver ions
for keeping the conservation of charge) that appear after each
laser pulse becomes R, 7.

The dissociation process of Ag,™ is included as it was
described previously. The charge recombination process
e~ + Ag?t — Ag" is supposed to be fast enough that all
electrons e~ appeared after cluster dissociation finally react
with doubly ionized silver ions Ag>", resulting in the charge
recombination. The equations for silver ion concentration
nag+ and silver cluster concentration nag,+ under considered
simplifications then are

N N
BnAg+ i . »
T = _2; Rymed(t — ntp)+ 2; KdissnAg2+8(t —nty),
(30)
on Np
Agy*t —
a9 Z Runob(t —nty) — Z Kiissnag,+8(t — nty).

n=1

€29
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TABLE I. Diffusion coefficients.

Lp (um)
D(Ty,) (mzsfl) Ty (K) E, (eV) 300K 500K
Heat 8 x 1077 4] 0.57
Ag*t 5x 1071 [42] 530 0.8 [35] “Negligible”
Ago 5% 107! [3] 350 0.8 [35] 5x10™* 0.23
e 3% 10 [43] 1.1

Note that the equation for doubly ionized silver ions 7,2+ can

be neglected since the distribution of Ag>* corresponds to the
distribution of silver clusters Ag,™ according to the charge
conservation.

III. RESULTS

The presented model in the previous section is now
used to simulate the evolution of temperature and species
concentration distributions in the focal area of a laser beam.
In case of radial symmetry of the laser beam, the solution is
defined in 1D+1 dimensions: radial coordinate r and time .

A. Parameters

The parameters of the femtosecond laser pulses and
silver-doped phosphate glass used in our simulations are
close to the parameters used in the experiments [5]. For all
presented simulations, the wavelength of the laser pulseis Ag =
1030 nm and the repetition rate is v = 10 MHz. The laser beam
is supposed to have a Gaussian profile ®(r) = e /% and
input laser pulse intensity distribution is I = Ipe ™" /% ¢~ 7"/%
where 79 =1,/ VIn2. The duration of the laser pulse is
taken equal to 7, =470 fs (FWHM), and the beam waist is
ap = 1.2 pm. The input energy of laser pulses is varied in the
range £ = 25-300 nJ. The Rayleigh length L, is 10 um. The
number of laser pulses N, is varied from 10 to 108.

A silver-doped phosphate glass 40P,05-4Ag,0-
55Zn0-1Ga;03(mol%) [3], is considered, with a uniform

density of silver ions nOAg+ = 10?! cm™>. The density of the

phosphate glass is p = 2.74 gcm ™3, the specific-heat capacity
is C, =0.78 Jg~' K. The dc-dielectric permittivity &4c is
taken equal to 1 [40,41].

The diffusion coefficients of silver species are presented in
Table I. To estimate the influence of each diffusion process
on the evolution of the whole system, we calculated the
characteristic parameter: the diffusion length L, = 2v/Dt,
where r = 0.1 us is the delay between two consecutive laser
pulses (10 MHz repetition rate). In case of temperature-
dependent diffusion coefficients of silver species, the diffusion
length is calculated for input glass temperature and for
temperature reached during the laser-induced heating of the
glass by a train of laser pulses to describe the dynamics of the
temperature-activated diffusion processes.

The heat diffusion coefficient D,;, is assumed to be constant
because the glass temperature 7 remains below the glass phase
transition temperature 7, ~ 685 K [6-8,16,17].

Mobility parameters of electrons 7, and silver ions r,,+ are
presented in Table II. The length L,,,, = @ Eq4.T characterizes
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TABLE II. Mobility coefficients.

w(m?st v Lo (j4m)
Agt 3 x 10720 “Negligible”
e~ 3x 107 100

the mobility of charged particles in the electric field and is
calculated for 7 = 0.1 s and the electric field 10° V/m
corresponding to the experimentally observed value [6-8,17].
The characteristic parameters L p and L,,,, will be discussed
in the next subsection to analyze the interplay between thermal
diffusion, species diffusion, and drift of charged mobile species
in self-induced static electric field.

The kinetic constants for the reactions of silver species
formation K Ago,K Ag2+,K Ag,+ are presented in Table III, the
recombination constant is defined as K, = 1/(trn2), and 7,
is of the order of 200 fs [20,21,36]. For the slow recombi-
nation reaction Ag>* + Ag’ — 2Ag™, the kinetic constant is
supposed to be of the order Ka.+(Tp) = 107" cm?s™!, with
Tp = 300 K.

The characteristic time to, of silver species Ago, Ag2+,
Ag2+ formation could be estimated as Tas ~ 1/(K AgnOAgQ,
where K, means here each of the kinetic constants for silver
species formation that were mentioned above. The first column
shows the product of the reaction, the second column presents
the kinetic constant Ko for temperature Ty = 300 K, the
third and fourth columns contain the values of corresponding
characteristic times 7, at temperatures 7 = 300 and 400 K,
that will be discussed in the next subsection.

B. General consideration

Here, we provide a general consideration on the processes
involved in the nanostructures formation. Let us analyze the
evolution of the whole system described by the present model
based on the characteristic parameters such as the value of
absorbed energy of the laser pulse and the temperature increase
during the pulse train, the diffusion lengths of the heat and
diffusing species, the mobility lengths of charged diffusing
species in the electric field, and the characteristic times of
kinetic reactions.

To define the laser-induced source term in the thermal
diffusion equation [Eq. (1)], the value of the laser-induced
electron density ng is taken equal to 10" cm™3 in Eq. (12),
that is close to the experimentally measured value [16].
For considered input laser pulse intensities I, from 1 to
10 TW/cm?, that corresponds to pulse energies Eq from
25 to 240 nl, the absorbed part of the input pulse energy

TABLE III. Kinetic constants.

TAg (PS)
Kag (cm’s™!) 300 K 400 K
Ag° 8 x 107! [20] 12.5 0.005
Ag*t 1 x 10710 [21] 10 0.004
Ag,*t 333 x 1072 [36] 300 0.12
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is about 1% : E.ps/Eo € [0.04,0.8]%, which is close to the
experimentally observed values of absorbed energy [3,16].
Thus, the absorbed energy is less than 1% of the input laser
pulse energy. That provides a sufficiently strong glass heating
process to activate species kinetics and diffusion, but, however,
leads to a temperature of the glass under the phase transition
temperature, i.e., no liquid phase may appear.

The evolution of radial distribution of temperature 7 (7,?) is
presented in Fig. 3 for input laser energy Ey = 150 nJ during
100 pulses, that corresponds to 10 s with the considered
laser parameters. the initial condition for the thermal diffusion
(15) is

T(rit=0=Tp
and boundary conditions are

AT (r,1)

ar r=0

=0, T(rt) |r=o= To, and Ty = 300K.

The high-temperature vertical line sequence in Fig. 3
illustrates the increase of the temperature according to the
laser pulse sequence. Between two pulses, the temperature
decreases due to the heat diffusion process. Because of the
high-repetition rate and high-peak intensity of the laser pulses,
heat diffusion on the periphery of the beam becomes smooth
in time with no visible vertical lines, showing that on the
periphery the heat source term could be considered as the
continuous heat source. Note that the temperature remains
below the glass transition temperature 7, ~ 685 K [16].

In case of phosphate glass doped by silver ions, the initial
conditions used to solve the diffusion equation (16) for all
diffusing particles are zero except initially presented in the
glass silver ions:

"eaAg"(”J =0)=0and

0
npgt(r,t =0) = Mgt

T (K)
370

360

350

340

330

Radial coordinate r (Lm)

320

310

300

u@lllllllliliM

Time t (Us)

0

FIG. 3. Time evolution of radial distribution of the glass tem-
perature 7(r,t) during laser heating process: Ey = 150 nJ, v =
10 MHz, 7, =470 fs, ap = 1.2 um, L, =10 pum, and full time
10 s corresponds to the 100 laser pulses.
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and boundary conditions are

N, agt A (1s1)

=0,
or r=0

0
Npgt lr=co = nAng» N Agd |r=co = 0.

The heat diffusion length L;, = 0.57 um is several orders
larger than the diffusion lengths of silver species L g0, Lag+
at the input temperature 7 = 300 K (Table I). According to
the Arrhenius law, already at the temperature 7 = 500 K
(that could be reached after N, > 10*) Ag, diffusion length
increases up to few tenths of micron, and reaches enough large
value to influence on the fast process of silver cluster formation
(Table I).

The mobility of the charged diffusing particle is connected
with the diffusion coefficient according to the Einstein re-
lation. Mobility coefficient of electrons is taken equal to
Ue =3 X 107> m?s~! V! [23,44]. The estimation of the
temperature of laser-induced electrons 7, has been performed
by the calculation of the part of incident laser pulse energy
absorbed in self-induced laser plasma [22,44,45]. The value
of the electron temperature 7, reaches about 0.1 eV under
considered conditions. Taking into account this estimation
of the electron temperature T,, the diffusion coefficient of
electronsis D, = 3 x 107° m?s~!. In case of dielectric media,
the laser-induced holes are supposed to have a negligible
diffusion and mobility coefficients in comparison with the
electrons [23]. At the same time, the mobility of silver ions
also is much less than the mobility of electrons (Table II). The
reason to take the silver ions mobility into account is that the
electrons (and holes) exist only several hundred femtoseconds
after the laser pulse and finally they recombine with each other
or are trapped, while silver ions participate in the diffusion and
drift processes during all time of the laser-matter interaction
and their concentration is several orders larger than the electron
and hole concentrations. The influence of the static electric
field on the species redistribution is represented by the value
of the mobility length L,,,,. Taking the electric field equal
to Eq = 10° V/m, that is close to the maximal observed
experimental values [6-8,17], the mobility length of the
electrons reaches such a large value L,,,;, = 100 pm taking a
time scale of the order of the delay between two consecutive
pulses. In presence of very high static electric field it was
assumed that the electron drift velocity saturates similarly to
the charge carriers drift velocity in semiconductors [46]. The
value of the electric field that corresponds to the electron drift
velocity saturation regime is equal to Eq. = 10° V/m in our
simulations. Thus, taking into account the saturation effect of
the electrons drift in the strong electric field Eq., the mobility
length of electrons L,,,, does not exceed 0.01 pm.

Because of the laser-induced increase in the temperature
T with the corresponding increase of the kinetic constants
K ag, the characteristic time T, of silver species Ago, Ag2+,
Ag,™ formation decreases during the laser-matter interaction
process. At temperature 7 = 300 K, the characteristic times
Tag Of the kinetic reactions are in the picosecond range, when at
the temperature 7 = 400 K, the characteristic times reach the
femtosecond range. In that case, a strong competition between
kinetic reactions of silver cluster formation and diffusion
processes takes place.

PHYSICAL REVIEW A 93, 013846 (2016)

During the first stage of the clusterization process, the two
fastest processes compete: electron-hole recombination and
electron trapping by silver ions. To describe this temperature-
dependent competition, we can use the ratio between the
reactions rates: K,n.n, and K AgMleMAgt- The cluster for-

mation process is initiated by the formation of Ag’, which
results from the electron trapping by silver ions. However,
at room temperature, the electron-hole recombination process
is dominant. As the kinetic constant K, increases with the
temperature [Eq. (25)], both processes begin to be comparable
when the temperature is about 400 K, which can be defined
as the temperature threshold for cluster initiation. Note that
this temperature is obtained after the first hundreds of pulses
within our conditions, which is in a good agreement with
experimental data showing that no significant fluorescent
signal from clusters is observed for a number of pulses smaller
than roughly 100 [5].

The second stage of the clusterization process is the forma-
tion of Ag,™. The kinetic rate of this process Kag, /15401 g+
is higher than the rates of trapped charges recombination
processes Kag+npgonp 2+ and Kynygony. Here, the cumulative
effect of the dissociation function K 4;,,, that will be described
in the next section, limits the growth of clusters in the on-axis
region after 100—1000 laser pulses depending on the energy of
the laser pulse.

C. Validation of the simplified model

The reliability of the simplified model was confirmed by
the comparison of the results obtained using full model and
simplified model presented in Sec. II F. Figure 4 (top) shows
the temperature distribution 7'(r) calculated for a train of
103 laser pulses with energy per pulse 200 nJ. The maximal
temperature reaches about 570 K, that is lower than the phase
transition temperature of the glass 7T,. Figure 4 (bottom)
depicts the Ag,™ distribution as predicted by both full (solid

450 0.5 1 1.5 2
~. I —Full model
cf:" ---Simplification
g 0 5 4
s
+Dﬂr\l
< N
=
G L L

0 0.5 1.5 2

1
Radial coordinate r (Wm)

FIG. 4. (Top) Radial distribution of lattice temperature. (Bottom)
Radial distribution of the silver cluster concentration nag,+. Full
model (black solid line) and simplified model (blue dashed line)
predictions are provided. The input laser pulse energy is £y = 200 nJ,
number of pulses is Np = 1000. Dissociation function parameters
are: So = 80, N = 6.
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line) and simplified (dashed line) models. For the latter, R, is
set to 0.1 [see Egs. (30) and (31)].

The simplified model reproduces the spatial distribution of
silver cluster concentration. In the on-axis area, the amount of
silver clusters is nonzero. According to the full model, it occurs
because after the dissociation process in the on-axis region
induced by the last laser pulse, the clusters still are allowed to
grow and finally their concentration reaches a nonzero value.
In case of simplified model, the recombination process of
dissociated components with trapped holes is supposed to be
so fast that no clusters appear because of reclusterization of
dissociated components during time between pulses. Thus,
the on-axis value of cluster concentration predicted by the
simplified model is smaller than the value predicted by
the full model and the slight shift between the maxima of
the cluster distributions exists. The edges of the ring structure
are smoother in case of full model prediction because of
the temperature-activated diffusion process of silver species.
The simplification of the model is focused mostly on the
reproduction of the ring structure form, and does not imply
a complete coincidence of the total number of clusters in
the ring structure with the data obtained using the full
model. The previous comparison leads us to conclude that the
simplified model can be used for reconstruction of the silver
nanostructures radius depending on the input pulse intensity
and number of laser pulses in the train.

D. Nanostructure formation

The simplified model presented above is used to simulate
the evolution of the radial distribution of nanostructures. To
be able to reproduce the silver ring structure formation under
up to 10® laser pulses, we suppose that R, = 107*, where
R,n.(r) is the number of silver atoms that appears after
each laser pulse. Such an effective decrease of parameter
R, describes the influence of the relaxation processes of
Ag,t — 2AgT +e7, Ag’™ — Ag" + ™, and compensates
the possible underestimation of recombination processes in
the full model. That is significant for a large number of pulses
(N, > 10%). This R, value allows us to prevent from the
saturation of silver components concentrations 7g,+,1 Ag*
under a large number of laser pulses. That affords to reconstruct
the dependencies of the radius of the silver ring structure R
on the input laser pulse intensity Iy and number of laser pulses
in the train N,.

The free parameters of dissociation function were taken
as Sp =80, N =6 [Eq. (29)] to obtain a good agreement
with the experimental data as shown hereafter. Note that this
choice does not depend on the laser intensity, neither the
number of pulses. Furthermore, slight deviations from these
parameters always provide a correct agreement. That confirms
the reliability of the proposed modeling.

The heat source term S(r) and dissociation function
K 4iss(r) are presented in Fig. 5 for various input laser pulse
energies. Increasing the input laser pulse energy, while the
amount of absorbed energy increases, that provides higher
values of the heat source term in Eq. (1) calculated according
to Eq. (13) [Fig. 5 (top)]. For lower energies, the maximal
value of the dissociation function K, is less than 1, thus
a number of pulses are needed to destroy most part of the
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200
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FIG. 5. (Top) Source terms in the heat diffusion equation S(r) for
input laser pulse energies Ey = 200, 220, 250, and 300 nJ, calculated
according to Eq. (13). (Bottom) Corresponding dissociation function
K iss(r) calculated according to Eq. (29). Dissociation function
parameters are S, = 80, N = 6.

clusters in the on-axis region. But, for sufficiently high energy,
the values of K ;s reach 1 in the on-axis region since all silver
clusters are destroyed already after one pulse in this area. Such
a shape of dissociation function K is in agreement with
general description of probability of multiphoton dissociation
processes. The discussion on possible theoretical approach
to describe the dissociation process of silver clusters under
considered conditions is presented in the Appendix.

Figure 6 presents the experimentally [5] (left column)
and the numerically predicted (right column) silver cluster
distribution for input laser pulse intensities /Iy = 4.8,6,7.4,
12 TW/crn2, and a number of pulses N, = 107. The distribu-
tions of numerically obtained silver clusters and experimen-
tally observed (through fluorescence) are in good agreement.
When the intensity is low Iy = 4.8 TW/cm?, the dissociation
process of silver clusters in the on-axis region is weak and no
good resolved ring structure can be found even after 107 laser
pulses [Figs. 6(d) and 6(h)]. With the increase of the input pulse
intensity up to Iy = 6 TW /cm?, the dip in the silver cluster
concentration is formed in the on-axis region because of the
increase in the efficiency of the dissociation process [Figs. 6 (c)
and 6(g)]. Further increasing of the incident laser intensity I,
leads to the increase in the radius R of the silver clusters’ ring
structure [Figs. 6(a), 6(b), 6(e), and 6(f)]. Note that the limited
spatial resolution of the objective used for the recording of the
silver clusters fluorescence blurs the real spatial distribution
of the fluorescent signal that should be taken into account for
the comparison of numerical obtained distributions of silver
clusters, and its fluorescent signals detected experimentally.

The width of the numerically simulated Ag, " ring structure
is about 200-300 nm, which is similar to what is observed
experimentally [3,5,9]. The fluorescent signal detected in the
experiments mostly corresponds to the large silver clusters.
Thus, the difference in the experimentally and numerically
estimated width of the ring structures can be explained by
the fact that distribution of silver clusters with higher number
of atoms should form thinner structure on the background
distribution of centers of clusterization Ag,*.
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FIG. 6. Ring nanostructures of silver clusters for various input
laser intensities Iy = 4.8,6,7.4,12 TW /cm?. First column (a), (b),
(c), (d): experimentally observed fluorescent signal of silver clusters
in phosphate glass [5]. The experimentally obtained value of the ring
diameteris Ax = 1.96 & 0.3 pm for 12 TW /cm? (a). Second column
(e), (), (g), (h): numerically simulated radial distribution of the silver
cluster concentration 7, +(r)/ nOAg+. Number of pulses is N, = 107.
Dissociation function parameters are S, = 80, N = 6.

The dependence of silver structure ring radius R on
the input laser pulse intensity Iy is presented for a given
number of pulses N, from 10° up to 107 in Fig. 7. The
experimental measurements of the radius values [5] are also
presented. For a number of laser pulses, the calculated radius
increases with the laser intensity. An intensity threshold of
ring structure formation can be defined for a fixed number
of pulses as the maximal laser intensity, for which it is
no ring nanostructure yet. This intensity threshold is well
reconstructed numerically. For 10% laser pulses, the intensity
threshold is Iy = 7.4 TW/cm?. There is no ring structure if
the intensity is under the threshold. For lower input intensities
Iy, the number of pulses N, influences more strongly on the
ring structure radius R. For relatively high input intensities
Iy, the radius of the ring structure R does no longer strongly
depend on the laser pulse number. Such a behavior of the ring
structure radius depending on the input laser pulse intensity
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1.2r

s J -- Simulation 10° pulses

---Simulation 10° pulses

Radius of AgﬂzL ring structure R (um)
=)
o

—Simulation 10’ pulses

* Experiment 10’ pulses

4 5 6 7 8 9 10 11 12 13
Input pulse intensity I0 (TW/cm”)

FIG. 7. Radius of ring nanostructure R as a function of the input
pulse intensity [y from experiments [5] and numerically predicted.
Laser pulse parameters: input laser pulse intensity is varied in the
range Iy = 4-13 TW/cm?, and corresponding energies are E; =
90-300 nJ. Numerical dependencies R(/j) are presented for various
number of pulses N, = 10°,10°,107. Beam waist is 1.2 um, pulse
duration is 470 fs, and the repetition rate is 10 MHz. Dissociation
function parameters are Sy = 80, N = 6.

and the number of laser pulses in a train is determined by the
multiphoton dissociation process of silver clusters.

The theoretically obtained dependence of the ring structure
radius on the number of pulses N, for input laser intensity
Iy = 7.4 TW/cm? is presented in Fig. 8 together with the
experimental data [5]. By increasing the laser pulse’s number,
we can decrease the intensity threshold value needed to
produce the ring structure. If the number of pulses is under
103, and cumulative dissociation effect is weak, the threshold
intensity is larger than 7.4 TW/cm?, and there is no ring

S v
Lo 9 » o
,
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o
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T

+ Experiment

Radius of Ag;L ring structure R (um)
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FIG. 8. Radius of ring nanostructure R as a function of the
number of laser pulses N, from experiments [5] and numerically
predicted. Experiment [5] and numerical simulation. Laser pulse
parameters: input pulse intensity is Iy = 7.4 TW /cm?, corresponding
pulse energy is Ey = 167.5 nJ, number of pulses N, = 10%. Beam
waist is 1.2 pum, pulse duration is 470 fs, and the repetition rate is
10 MHz. Dissociation function parameters are Sp = 80, N = 6.
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structure. But, when the number of pulses is 10%, the threshold
intensity is smaller than 7.4 TW/cm? because of the cumulative
effect, that provides the formation of the on-axis dip in the
concentration of the silver clusters nag,+. During the first 104
pulses, the radius of the nanostructure grows strongly, when
after 10° laser pulses the growing rate of the radius R decreases
significantly because of the fast decay of the dissociation
function (Fig. 5, Kg;ss vanishes for too large radii).

Numerically obtained dependencies of silver ring structure
radius with respect to the number of laser pulses, and input
pulse intensities, are in a good agreement with the experimental
data. Thus, the probability of the dissociation process and
the cumulative effect of dissociation during the laser pulse
train play a key role in the definition of the silver cluster ring
structure geometry.

E. Formation of a local electric field

Using the full model approach, we are able to reproduce
the mechanism of the frozen electric field E4. formation
inside the glass during the DLW. The static electric field
reaches a value about Eg. = 10° V/m that was estimated
using the experimentally measured second harmonic signal
[6]. Such large electric field Eq. is already close to the electrical
breakdown threshold in phosphate glass, that is about 10'°
V/m [43,47]. The spatial distribution of charges Q(r) needed
to create such a strong electrostatic field comes from the
difference in the Ag,* and Ag** distributions according to Eq.
(18). If the static permittivity €4 of the glass is set to unity, the
corresponding not-compensated displaced charge density Q(r)
is of the order 10™* x N2g+ = 10'7 cm™3 on the length scales

inside the silver clusters structure to create Eq4. = 10° V/m.
To reach such high values of charge separation, the electron
diffusion coefficient D, has to be of the order 1 x 1073 m?s~!.

Thus, the value of the electric field E4. depends on the rates
of kinetic reactions between the silver components, electrons,
and holes, on the mobilities of the involved charge species,
and on the electrons’ drift velocity saturation effect in the
strong static electric field. The mechanism of such electron
drift velocity saturation in considered process is similar to the
charge carrier saturation of the drift velocity in semiconductors
under external applied electric field with values higher than
10°-10°% V/m [46].

The presented results should be considered as a preliminary
description of the appearance of a static electric field during
the laser-induced metallic clusters formation in the bulk glass.
The impact of dipole or bond orientations under a strong
orienting electrostatic field (E4. > 107 V/m) on the creation
of the second-order susceptibility [48,49] can lead to an
overestimation of the static electric field obtained using the
second harmonic signal recording, as it was done in [7]. The
possibility of presence of such an orientation mechanism is
not clear in described process and it could be investigated
experimentally based on the second harmonic polarization
analysis [50]. Breaking the centrosymmetry and creating the
nonvanished microscopic molecular second-order hyperpolar-
izability by the applied static electric field, the corresponding
second-order nonlinear response of the glass is proportional
to 1/T, that comes from the orientational averaging using
Maxwell-Boltzmann distribution function, and that is needed
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to go from microscopic hyperpolarizability to macroscopic
susceptibility [48]. Thus, we suggest that the addition to the
glass susceptibility from the dipoles reorientation does not
play an important role in the second harmonic generation
(SHG) process in our case because the SHG signal does
not change with the temperature 7 up to the glass transition
temperature 7, [7]. Additionally, the experimentally observed
factor 9-to-1 for SHG intensity for incident polarizations
of the probe fields provides a strong evidence of frozen
electric field electro-optics assisted SHG since such a ratio
would most likely be different for an SHG process resulting
from orientation considerations. We can conclude that our
SHG process is dominated by electric-field-induced SHG,
which does not exclude a minor contribution of orientation
rearrangements [50].

According to our simulations, the amplitude of the static
electric field E4. grows rapidly during the first tens of laser
pulses. The rate of E,. increase starts to be smaller after
100 pulses and, after 1000 laser pulses the E4 amplitude
saturates, which is in a good agreement with the experimental
observations [6]. This ambipolar electric field E4. appears
because the laser-induced free electrons diffuse faster than
holes, and provides the drift of the mobile charged species
to compensate diffusion-induced charge separation. Thus, the
radial distributions of trapped electrons (Ag,™) and holes
(Ag*") are close to each other and different silver species
do not form the coaxial rings structure as it is in other glasses
[10,51]. All discussed in our model silver species exist in the
same ring structure in case of considered phosphate glass.

Further investigations will focus on a quantitative reproduc-
tion of the experimentally observed distribution of the static
electric field Eq4. during the metallic nanostructures formation.

IV. DISCUSSION AND CONCLUSION

In general, the material parameters, kinetic rates of clus-
terization, dissociation pathways and dissociation energies of
clusters, diffusion, and mobility of the metallic species define
the final distribution of clusters. The general model presented
in Sec. II could be used for simulations of femtosecond
laser pulse train interaction with other glasses doped by
metallic ions. For example, in silicate glass doped by silver
ions, the nanoparticle formation occurs under 800-nm, 1-kHz,
femtosecond laser irradiation together with further annealing
[52]. Glasses containing transition-metal ions from column
11 of the periodic classification are promising candidates for
DLW.

Cu nanoparticles can be formed in silicate and borosilicate
glasses under 800-nm, 1-kHz, femtosecond laser irradiation
and further annealing [52,53]. This process of Cu nanoparticle
formation is quite close to nanoparticle formation in Ag-doped
glass [52]. We can suppose a similar behavior of copper
species in the glass under high-repetition rate femtosecond
laser irradiation, as compared to silver-containing glasses, even
if one has to take into account the Cu>* absorption spectrum
in the near IR which could induce a strong and unwanted
absorption of near-IR-laser wavelength [54,55].

In conclusion, we have demonstrated experimentally
the similarity of nanostructure formation in various
silver-containing glasses. According to these experimental
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observations, we have presented a theoretical model of
metallic nanostructure formation in doped glass under a train
of high-power femtosecond laser pulses. We numerically
investigated the scenario of submicron ring structure formation
in silver-doped phosphate glass irradiated by the near-IR
femtosecond laser pulses with 10-MHz repetition rate. We
reported the glass temperature distribution, that remains below
the glass transition temperature of the phosphate matrix in the
laser-induced heating process. We presented the mechanism of
static electric field creation during the metallic nanostructure
formation based on the space charge separation due to
the interplay of diffusion and kinetic reactions of involved
particles: e‘,h*,AgJ“,Ago. The radial distributions of silver
clusters Ag,* obtained numerically are compared with the
experimentally observed radial distributions of fluorescence
signal of silver clusters. The numerically reproduced radius of
silver ring structures is in a good agreement with experimental
data in the range of input laser pulse intensities and number
of laser pulses in the train that are used for direct laser
writing. Our model can be used in general for transparent
optical glasses doped by group-11 metals taking into account
corresponding metal ion mobilities. The formation of metallic
nanostructures during the irradiation process by laser pulses
can be predicted for different wavelengths, repetition rates,
and input beam geometries, under conditions of nondestructive
laser-induced heating of the glass.
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APPENDIX: DISSOCIATION OF SILVER CLUSTERS

As it was described by our simulations, the dissociation
process of silver clusters plays a key role in ring-shaped
nanostructure formation. So, hereafter is discussed a possible
way to use a theoretical approach for the photodissociation
function based on such parameters as the dissociation energy of
the clusters, intensity of the laser pulse, and the energy of pho-
tons. The experimentally observed fragmentation pathways of
group-11 metals irradiated by UV laser pulses show that the
neutral monomer or dimer evaporation is the most possible
way of dissociation reaction [56,57]. In our case, this reaction
is Ag,™ — Agt + Ag®. The obtained dissociation energy of
this reaction is Ep = 1.74 eV [39,58]. So, for UV radiations,
the energy of one single photon is enough to provide the
dissociation of Ag,*. With near-IR radiation, Ao = 1030 nm,
the energy of photon is iw = 1.2 eV, which requires at least
two photons for the dissociation process depending on the
value of dissociation energy of silver clusters with different
number of atoms. The multiphoton dissociation process can
be described by the kinetic equation

Onpg,+(r,t) . I%4(r,t)

= —0g,—— Al
ot OKq K ho (AD)

NAg,*»
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where K; = 2 is the multiphoton order of dissociation process,
ok, the multiphoton dissociation cross section. We take
the value for dissociation cross section equal to oy, = 3 X
1074 m* W~ as a fitting parameter. To calculate the
concentration of the silver cluster Ag,™ that is dissociated
by one laser pulse, we integrate the equation (A1) during the
laser pulse propagation:

A ( ) /-‘rOO 12(’.’ ‘C)
Npae +(F) = n e
Agyt e Agy*t )

As an example, for model input distribution of silver clus-
ters n‘/)\gf(r) = nge—Kr2 /,,5, the distribution of silver clusters
after one iteration of laser-induced dissociation is nag,+(r) =
ngg2+ (r) — Anag,+(r) and in this case the photodissociation
function can be defined as

Kaiss(r) = Anpg,+(r)/nf, +(r).

02,dT. (A2)

(A3)

The two-photon dissociation function Kg;ss(r) of Ag,™t is
presented in Fig. 9 (top).

For the smallest considered input laser pulse energy Ey =
100 nJ, the photodissociation process is not strong enough
to form the ring structure of the cluster distribution after
one pulse. For input energies Eo = 100 nJ, 150 nJ, the
accumulation along the pulse train is needed to form the
on-axis minimum in the cluster distribution. The smaller
the energy, the larger number of pulses is needed to produce
the ring structure of silver clusters. The dissociation coefficient
in the case of smaller energies is not saturated (meaning that
it is significantly smaller than 1) [Fig. 9 (top), blue, green,
red lines], that is similar to that we took in the numerical
simulations (Fig. 5, blue, green, red lines).

For input energy Ey = 200 nJ, the on-axis dip in the silver
cluster concentration appears already after the first laser pulse,
and the maximum value of the cluster concentration is reached
at the radial coordinate » ~ 0.5 um [Fig. 9 (bottom), red line].

_________ 300 nJ
---200 nJ
2 150 n)|
205 .
e Ol . -=100nJ
% 0.5 1 15 2
0.6 : ‘ ‘ ‘
. —300nJ
- -=-200 nJ
£ 0.4 " 150 nJ
E. -=100 nJ
Soz
A— o
% 0.5 1 15 2

Radial coordinate r kp.m)

FIG. 9. (Top) The two-photon photodissociation function
Kiss(r) of silver cluster Ag,* for number of input laser pulse
energies: £y = 100,150,200,300 nJ calculated according to Eq. (A3).
(Bottom) The model radial distribution of the silver clusters nag,+(r)
after one iteration of dissociation process. The dissociation energy
is Ep = 1.74 eV, laser pulse wavelength is taken according to the
discussed laser pulse parameters: Ao = 1030 nm, duration is 470 fs,
and the beam waist is 1.2 pm.
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This effect is stronger in case of the highest considered energy
Ey = 300 nJ: the ring structure of silver clusters appears with
well-resolved on-axis minimum and radial maximum of the
ring [Fig. 9 (bottom), black line]. For this energy [Fig. 9 (top),
black line] the dissociation coefficient is already saturated; it
has the on-axis region with values close to 1. The “steplike”
form in the case of the considered two-photon dissociation
process is not so steep as it was taken in the numerical
simulations (Fig. 5, black line). Thus, we can suppose that the
three-photon dissociation process also occurs. For example,
together with discussed Ag,™, the silver clusters with higher
number of atoms could exist in the silver nanostructure. The
dissociation energy of clusters with odd number of atoms
reaches the values about Ep = 2.7 eV [39]. So, three photons
are needed for the dissociation process. Taking K; =3
and the value for dissociation cross section o3, about 4 x
1077 m® W2, the example solution of Eq. (A1) has a similar
behavior as the solution in case of two-photon absorption
(Fig. 9) taking into account the different multiphoton order
of dissociation processes. With a further increase of the silver
atoms’ number in the cluster, its dissociation energy alternates
depending on even or odd number of atoms in a cluster [39].
At the same time, the temperature of the sample influences
on the dissociation process of silver clusters [S9-61]. So, we
have to consider the laser-induced thermal heating process,
that provides the increasing of the glass temperature up to
values that could significantly influence on the dissociation
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cross section and on the dissociation energy Ep together with
the preventing of cluster formation under sufficiently high
temperatures. Possibly, we could suppose that the decrease
of the dissociation energy is similar to the decrease of the
medium band gap under the heating process [62—-66], which
could be estimated in terms of phonon-assisted ionization
process.

Numerically, we compared the distribution of Ag,™ that is
formed under two different dissociation processes discussed
above [pathways (26), (27)]. The process of the ring structure
formation and the parameters of the ring structures are quite
the same in both cases. The main differences are (1) higher
values of the silver cluster concentration ng,+ in the on-axis
region and (2) smaller values of the static electric field Eq4c
(which corresponds to a lower amount of separated charges)
in the case of dissociation pathway (27). Both effects take
place because of the higher population of Ag® and the absence
of additional population of electrons e~ after the dissociation
process according to the pathway (27) in comparison with
the pathway (26) used in the full model. In general, both of
the pathways could take place depending on the probability
of the silver atom formation from the localized pair of silver
ion and electron.

Finally, to conclude this discussion, it is important to
mention that any of the presented dissociation processes could
take place. So, we have chosen to use a phenomenological
description of the dissociation function.
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