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Ab initio molecular dynamics simulation of femtosecond laser-induced structural modification
in vitreous silica
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Femtosecond laser pulse induced structural changes in silica glass and their role in changing the refractive
index of the glass have been investigated usibgnitio molecular dynamics simulation methods based on
finite-temperature density functional theory. The average nearest-neighbor Si-O, Si-Si, and O-O distances are
found to increase during laser irradiation due to the weakening of bonds resulting from the thermalization of
electrons. These changes in the nearest-neighbor distances are almost completely recovered during the postir-
radiation evolution of the glass structure. However, persistent structural changes are found to involve the
formation of three-coordinated Si atoms and nonbridging oxygens that correspond to the defect species of Si
E’ centers and nonbridging oxygen hole centers, respectively. These defects give rise to optical absorptions
that increase the refractive index of silica glass through a Kramers-Kronig mechanism.
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[. INTRODUCTION and/or pressure are expected to increase the refractive index
of silica glass in femtosecond laser-exposed regions as has
The interaction of infrared femtosecond laser pulses wittbeen observed experimentally in previous studiés.
dielectric solids, especially glasses, has received a great deal Recent studies have shown an increase in intensity of the
of research attention in recent yer&.This is mainly be- D; and D; bands at-490 and 605 cm', respectively, in the
cause of the unique time scale of interaction of such ullRaman spectra of silica glass on irradiation of the glass with
trashort pulses with matter where the light energy is abfemtosecond laser pulsés.This result has variously been

sorbed by the electrons and the excitation ends long befor@terpreted in the literature to be indicative of an increase in

the energy is transferred to the lattice through electronthe fictive temperature and/or densification of laser-irradiated

phonon interactiod® Such ultrashort pulses have been usecfilica glas_s and hag been cl_aim_e(?ﬁgz be responsible for the
recently to change the refractive index of glass with highObS‘erVed increase i refractive indexOn the other hand,

spatial precision thereby enabling the fabrication OfStreltsov and Borrelli have attempted calculations of the

waveguides without incurring any physical damage to themagnltude of rise in the temperature of the lattice of silica

glass such as ablation or void formatibh However, the glass on the basis of the assumption that all the absorbed

tual hani trolling the ch in th fracti energy is converted into heatTheir calculations indicate
actual mechanism controfling the change in the relraclivey ¢ ype temperature rise of the lattice may not be enough to

index of the glass on interaction with femtosecond lasef 5 ,se the observed increase in refractive index in silica glass
pulses remains U”_Cb%‘r- _ _ o especially when low pulse energies of a few nJ and high
Argce_nt theoretical analysis by Ka|MaI.|nd|cz_;ltes thgt pulse repetition rates~80 MHz) are used. Furthermore,
the principal effect of a femtosecond laser pulse is multiphogg|culations of index change from laser-induced densification
ton ionization in the dielectric material associated with thegs measured from stress-birefringence patterns indicate that
strong electric field of a few hundred MV/cm of the laser densification alone cannot account for the observed index
pulse! Such ionization generates a free-electron gas by prochange in silica glassTherefore, these results make the con-
moting a large number of electrons-@0' to 10?2 /cm®)  nection between fictive temperature and/or pressure increase
from valence band into the conduction band of the dielectricand index change rather arguable.
material. The absorbed energy is then transferred to the lat- In view of this controversy we have carried @l initio
tice by electron-phonon collisions that result in the relaxatiormolecular dynamicgAIMD) simulations of the interaction
of the free-electron gasA significant fraction of the ab- of femtosecond laser pulses with silica glass to shed new
sorbed photon energy is likely to get converted into heatight on the origin of the observed changes in the refractive
which would then result in a rapid increase in the temperaindex of the glass.
ture of the lattice in the laser-exposed regions. Subsequent
rapid cooling of these “hot spots” may give rise to regions of
high fictive temperatures in the glass characterized by a re-
fractive index that is different with respect to that of the  Our AIMD simulation methodology is based on finite-
surrounding unexposed regions. Moreover, as Glezer an@mperature density functional theory and follows the proce-
Mazur have pointed out, a rapid rise in temperature within alure outlined in the work of Silvestrelt al. in their study
constant volume element of exposed material may possiblgf laser melting of crystalline silicohThis method treats the
be accompanied by a tremendous rise in pressure whicklectronic and ionic subsystems separately on the basis of the
would result in significant densification of the glass in thefact that the electronic relaxation time 4810 fs and is de-
laser-exposed regichSuch increases in fictive temperature coupled from the electron-ion relaxation tinte a few p3

Il. COMPUTATIONAL PROCEDURE
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by nearly two orders of magnitudeThe electronic sub- saved for subsequent analyses.
system in the simulation thermally equilibrates with the ex- Calculation of the absorption spectrum and refractive in-
cess energy from the femtosecond laser pulse almost irdex for selected structures from the AIMD simulations were
stantly and generates a free electron gas which is taken infeerformed using the density functional theory code CASTEP
account by increasing the electron temperature selfin the local density approximatior. Ultrasoft Vanderbilt
consistently with fractionally occupied states. The ions in thePsuedopotentials with a cutoff at 300 eV for Si and O were
simulation are then allowed to interact with the hot electronicused to describe electron-ion mteractléﬁs—fo_r the initial
subsystem for 300 fs. In reality, however, the electron tem&valuation of the_ self—cc_)n3|stent charge depsny a single-point
perature is expected to continuously decrease from sonf@€"gy cal5culat|on_ using a »X2Xx2 k-point mesh was
maximum value at times longer than the laser pulse duratioﬁerf‘?rmedl- Following this, the evaluation of the optical
(~ a few tens of fs due to the relaxation of the hot free- matrix elements'was |n|t|qted, also using aZXg k-point
electron gas through electron-phonon collisidié attempt ~ Mesh and allowing for twice as many unoccupied as occu-
has been made in this study to simulate the details of th@ied states. The optical matrix elements so calculated are
actual relaxation process of the hot free-electron gas throughsed to evaluate the imaginary part of the dielectric constant,
electron-phonon collisions. Instead the electron temperaturéz: @S @ function of frequency, given by
is kept at its maximum value for times significantly longer 0e?
. . a

(300 f9 thgn the pulse duration anc_i the whole system IS o (hw)= S (W r| W 26(ES— EL—E),
guenched instantaneously once the ions reach thermal equi- Qeg KTe
librium. The system of electrons and ions is then allowed to o )
evolve without any further thermalization of the electrons towhere the summation is over &l points and valence and
mimic the postirradiation evolution of the glass structure.conduction band state§) is the unit cell volume, and and
Instantaneous quenching of the electrons after 300 fs rathérare vectors defining the polarization of the incident electric
than allowing it to equilibrate to the phonon bath is an eX_f|elld and the d_|rect|on of propagation of |I.ght inside the ma-
treme assumption. However, the essential physics of thierial, respectively. The squared terms in brackets are the
mechanism of structure and index changes caused by femt@ptical matrix elements. These arise due to coupling of the
second laser irradiation is not affected if one makes such avalence band states/;, and the conduction band states,
assumption in the simulation. This is because the specifi¥’, via the operatord-r describing the incident electric
heat of the phonon bath is much larger than that of the eledield. The last term simply describes the condition for ab-
tron bath and therefore the temperature rise of the lattice omorption to occur between states in the valence and conduc-
electron-phonon equilibration is not going to be large. Cal-tion bands with energieg} and E;, respectively. The real
culations of the rise in lattice temperature of vitreous silicapart of the dielectric constant; is then obtained by a
for different experimental conditions by Streltsov and Kramers-Kronig transformation from which the refractive in-
Borrelli have shown this to be the case. dexn as a function of frequency is obtained sincgtic,

The starting structure of the silica glass was created from=n?. Finally, no attempt was made to adjust the calculated
a 72 atom supercell o quartz which was subsequently band gap to the experimental band gap using a scissor
converted to a cubic cell with dimensions of 10.283 A to operatort® While this certainly will impact the absolute value
yield a density of 2.20 g/cfy appropriate for vitreous silica. of the peak positions in the calculated absorption spectra and
This cell was melted and quenched using classical MD methrefractive index, the relative values, i.e., the values compared
ods with two-body and three-body potentials provided byfrom different simulated structures, and which is of interest
Feuston and Garofalidf. The resultant glass was then an- here, will be unaffected. A comparison of the calculated in-
nealed for 1 ps at 500 K using tfab initio method described dex of silica using the above methodology with the measured
below. AIMD simulations have been performed using theindex is shown in Fig. 1. As expected, the calculated index is
commercially available code DMol@Accelrys, Inc) within ~ higher at all wavelengths compared to the experimental
an NVE ensemble with cubic periodic boundary conditionsvalue, but what is most important here is that the wavelength
and with I'-point-only sampling of the Brillouin zone. The dependence of the calculated index and measured index are
DMol method is based on local orbital density functionalthe same. The similarity would be even more apparent if the
theory and uses localized numeric atomic orbitals as basisalculated band gap had been adjusted using a scissor opera-
setst!'2 Double-numeric basis sets augmented withtor.
d-polarization functions are used for present simulations

where aI.I-eIectron.calc_ulatiqns are per.formed. within the Ic_)— IIl. RESULTS AND DISCUSSION
cal density approximation with the Harris functional approxi-
mation of the Kohn-Sham density functiortal® A real To begin the simulation the electrons and ions in the cell

space basis set cutoff length of 4.5 A is used. The forces oare equilibrated for 1 ps by keeping the electron temperature
the ions are calculated using the Hellmann-Feynman theorerfg constant at 300 K by occupying the electronic levels ac-
and the velocity Verlet algorithm is used to propagate thecording to the Fermi-Dirac statistics corresponding to this
equation of motion. An integration time step of 0.5 fs is usedtemperature. During this period the Si and O ions perform
for all dynamics simulations, with atom coordinates and ve-small oscillations around their equilibrium position and no
locities being saved after each time step. The instantaneowhange in the average glass structure is observedT[he
glass structure obtained at the end of each such time steptisen raised to 25 000 K by occupying the electronic levels
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FIG. 1. Comparison of the measurédashed ling and calcu- FIG. 3. Log-log plot of mean-squared displacements of Si
lated(solid ling) index of silica vs wavelength. No scissor operation (squares and O (circles atoms as a function of time af
has been applied to the calculated index. =25000 K. The two vertical lines separate the ballistic, superdiffu-

sive, and subdiffusive regimes.
accordingly, to simulate the effect of generation of the elec- . . .
tron plasma on irradiation with femtosecond laser pulsg. Kinetic energy OT lons shows convergence at times longer
of 25 000 K corresponds to a photon energy of 2.15 eV, Thidhan ~250 fs indicating that the ions have approached ther-
energy is intermediate between the energies typical of femMal equilibrium with the electronic subsystelffig. 2). This
tosecond laser amplifigfl.55 eV} and laser oscillatof3.09  €quilibrium Ti, of ~500 K is substantially below both the
eV) experiment€. The Si and O ions are then allowed to m'elt|ng point and the glass transition temperature of pure
evolve freely for 300 fs within an NVE ensemble in the S0z (Tmer=1983 K, ngl480 K). Nevertheless, the mean-
altered interatomic potentials defined by this new electrorpduared displacemengs) of Si and O atoms are found to
distribution. During this period the evolution of the averageP® remarkably large over the entire 300 fs p2er|od of simula-
ion temperaturd,, as obtained from the kinetic energies of tion (Fig. 3). Furthermore a log-log plot ofr®) vs time t
the Si and O ions is found to decrease from 300 K tolnd|_ca_tes t_hat |2 thezlnlt!a4~40 fs t_he ionic motion is in fact
~280 K in the first 5 fs and then to increase monotonicallyPallistic with (r%)~t* (Fig. 3). At times longer than-40 fs
to nearly 600 K in the next 30 f&Fig. 2). At times longer thex ionic motion continues to be superdiffusive w(ﬂ?}_
than 30 fsT,,,, undergoes a damped oscillation around 500 K~ t" With 1<x<2 and finally enters the subdiffusive regime
and finally equilibrates to temperatures500 K at times (X<1) att=250fs. AtT¢=25000 K the cohesive force be-
longer than 250 fs. The observed oscillationsTig, in our tween ions is expected to_decrease drastl_cally since th_e bond-
simulation are a direct result of instantaneous oscillations A9 €lectrons are now excited to nonbonding levels. This may

the kinetic energy of the system. The running average of thgiVe rise to the ions drifting away from one other in an al-
tered potential energy landscape which is in agreement with

. , ; the observed initial ballistic motion of Si and ®ig. 3). This

600 L ] scenario is clearly in contrast with that of laser-induced ther-

_i'- mal “melting” which is expected to be associated with

sool =" _"""-_ ™~ :-I"'h!-' marked increase in the vibrational amplitude of ions. The
. m '," '.r"'"' 7'.-.‘ continuous transition from the ballistic regime to the subdif-

. B fusive regime indicates that the ionic motion becomes in-
[ ]
-I

T

Il . creasingly localized with time as the ions start finding their
/ equilibrium positions in the altered energy landscape. This
result is consistent with the convergence of the running av-
) erage of the kinetic energy of ions and the establishment of
IR R thermal equilibrium with the electronic subsystem tat
20000700 150 200 250 300 =250 fs, as mentioned above.
time (fs) The total radial distribution functiofRDF) for the start-
ing structure of amorphous SjCequilibrated at 300 K is
FIG. 2. Evolution of the instantaneous average temperature of Sfompared in Fig. 4 with that obtained after 300 fs of the
and O ions in the simulation cell as a function of timeTg  Simulation run ail ;= 25000 K. This comparison shows that
=25000 K. Inset shows the corresponding running average of théhe average inter-ion distances of 1.62, 2.63, and 3.10 A for
total kinetic energy of the ions. the Si-O, O-O, and Si-Si nearest neighbors, respectively, in
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FIG. 4. Total RDF for(a) the starting structureb) the final wavelength (nm)

structure of the 300 fs long “laser-exposure” simulation at
Te=25000K, and (c) the final structure after 1 ps long FIG. 6. Calculated optical absoprtion spectra of the starting
“post-exposure” annealing aff,=300 K. The positions of the structure (short-dashed line “laser-irradiated” structure(long-
nearest-neighbor Si-O, O-O, and Si-Si correlation peaks are alsgashed ling and *“annealed” structure (solid ling). Peaks
indicated. in the spectra of the “exposed” and “annealed” structures corre-
spond to electronic transitions involving NBOHC aid defect
the starting structure increase to 1.72, 2.77, and 3.34 Aenters.
in the structure corresponding to the irradiated glass. Such
a large increase in the interion distances clearly indicates Following the 300 fs long thermal equilibration between
increasing repulsion between the constituent ions in thé¢he ions and the electron plasma the postirradiation evolution
glass structure due to the change in the interatomic potentialf the glass structure has been simulated by loweifligg
on generation of the electron plasma at high. Moreover, back to 300 K and by continuing the AIMD simulation for 1
the average Si-O nearest-neighbor coordination numbgps. The total RDF of the resulting glass structure is also
is found to decrease from a value of 4.0 in the startingshown in Fig. 4. It is clear that after this equilibration the
structure to~3.8 in the irradiated glass as a result of average nearest neighbor distances are nearly completely re-
the formation of some 3-coordinated Si atoms and concomistored to their original values. However, two 3-coordinated
tant formation of nonbridging oxygens. In fact, the structureSi atoms and two nonbridging oxygens are found to survive
of the irradiated glasgFig. 5 shows four 3-coordinated in the final glass structure. Spatial separation of these under-
Si atoms, six nonbridging oxygens, and one 2-coordinated Sionded Si atoms and nonbridging oxygens can give rise to
atom. charge separation and the creation of paramagnetig’Si
centers and nonbridging oxygen hole centtM8OHC) in
the glass. The SE’ centers have also been experimentally
observed by Streltsov and Borrelli in fs-laser irradiated
amorphous Si@), using electron spin resonand&ESR
spectroscopy. The calculated optical absorption spectra of
the laser-irradiated and annealed structures show discrete ab-
sorption features at wavelengths less than about 500 nm or
energies higher than-2.5 eV and very broad features at
wavelengths longer than 1000 nm or energies lower than
~1.25eV (Fig. 6). The calculated electronic density-of-
states(DOS) for the laser-irradiated and annealed structures
as well as the partial DOS associated with the NBOHC
and SIE’ centers in these two structures are shown in Fig. 7.
A comparison of the electronic DOS of these structures
with that of the starting glass structure clearly indicates that
the NBOHC and SiE’ centers introduce discrete levels
within the band gap of silica glas§ig. 7). The energies
associated with the transitions between these levels corre-
FIG. 5. Snapshot of glass structure after 300 fs Taf  Spond well with the energies of the absorption features in the
=25000 K. Dark spheres are non-bridging oxygens, lighter spheregalculated optical absorption spectra, as mentioned above
are 3-coordinated silicons, and single large light sphere is a twotFig. 6).
coordinated silicon. The variation of the refractive index as a function of
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FIG. 7. Total electronic DOS fd(@) the starting structurdb) the “laser-irradiated” structurgc) the “annealed” structure, angl) partial
electronic DOS for 3-coordinated SE( centej and nonbridging oxygenésolid and dashed lines, respectivefyom the “annealed”
structure. 0 eV marks the top of occupied levels. A 0.05 eV smearing function was used to broaden the energy levels.

wavelength as obtained from Kramer’s-Kronig analysis of 20 * T
the absorbance is shown in Fig. 8 for the starting structure,

the structure obtained at the end of the 300 fs long simulation 1.9

of “femtosecond pulse exposure” &8t,=25000 K and the

final structure obtained after 1 ps of “post-exposure” anneal- _§ 184

ing at T,=300K. It is quite apparent that the structural K=

changes in the simulation have a strong effect on the result- E 17

ing index. The indices at all wavelengths for the “laser- 8

irradiated” structure and the “annealed” structure are signifi- E 16

cantly higher than the starting structure. The index variation

in the short wavelength region below about 600 nm from the LSt ]
“laser-irradiated” and “annealed” structures are found to be 4 ‘

due to the optical absorptions associated with the presence of 00 400 600 800 1000 1200 1400
NBOHC andE’ center type of defects which perturb the
index through a Kramers-Kronig mechanism. Higher con-
centration of such defects in the “laser-irradiated” structure  FIG. 8. Calculated wavelength dependence of the refractive in-
is responsible for the larger change in index compared to thafices of the starting structurgolid line), “laser-irradiated” struc-

in the “annealed” structure. The continuous rise in index ofture (dashed ling and “annealed” structurédot-dashed line See
the “laser-irradiated” structure at longer wavelength is alsotext for details.

Wavelength (nm)

214204-5



S. SEN AND J. E. DICKINSON PHYSICAL REVIEW B58, 214204 (2003

due to the presence of these defects in high concentration and IV. SUMMARY
the effect they have on narrowing the bandgap to only In summary, structural origin of refractive index changes

~0.04ev (Fig. 7. The practical implication of this i, gjlica glass caused by irradiation with femtosecond
index change during exposure is that the material becomegser pulses has been investigated with AIMD simulation
effectively, totally absorbing to all wavelengths of radiation techniques. The most persistent laser-induced structural
immediately after the exposure to the femtosecontthanges involve the formation of &' centers and NBO-
laser pulse. This result is consistent with the experimentaHC's in the glass. Transitions between energy levels corre-
observation of the phenomenon of laser-induced breakdowsponding to these defects result in optical absorption that
of an initially transparent dielectric into a solid that absorbsincrease the index of the glass through a Kramers-Kronig

like metal” mechanism.
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