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Abstract

Classical molecular dynamics simulations have been performed to study the UV-laser-induced densification in fused silica. Rela-

tionships between induced densification and absorbed laser fluence under different laser durations are established. We have also

studied the effects of laser irradiation on the radial distribution functions, static structure factor, bond-angle distributions, ring-size

distribution, and elastic constants of fused silica. While the Si–O bond length is little affected by laser irradiation, the lengths of O–O

and Si–Si and bond-angle distributions of \Si–O–Si and \O–Si–O are undergoing larger changes. The number of dominant 6-mem-

ber rings decreases after laser irradiation, and that of rings of other sizes increases. Young�s modulus, bulk modulus, and Lamé

constant of fused silica increase rapidly with increasing density.

� 2004 Published by Elsevier B.V.

PACS: 31.15.Qg; 61.43.Fs; 61.80.Ba
1. Introduction

With the development of optical lithography in sem-

iconductor fabrication, deep-UV-lasers (248nm and

193nm) are widely used to achieve finer resolution. As
a choice and leading optical material in illumination

and projection systems in microlithography, high-purity

fused silica (amorphous silicon dioxide, a-SiO2) exhibits

many excellent optical, mechanical, physical, and chem-

ical properties, such as high transmittance at UV wave-

length, very low thermal expansion coefficient, high

degree of homogeneity, ease of fabrication into lenses,

chemical stability, etc. [1,2].
0022-3093/$ - see front matter � 2004 Published by Elsevier B.V.
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As early as 1953, vitreous silica was observed to com-

pact permanently under fast neutron irradiation and its

refractive index was found to increase [3]. Densification

induced by c rays, electrons, protons, and deuterons was

also observed [4]. In 1986, for the first time, Fiori and
Devine studied 248nm laser-induced changes in a-SiO2

thin films with a laser fluence of 300mJ/cm2 [5]. Since

then, intensive experimental efforts have been under-

taken to study UV-laser-induced densification of bulk

fused silica [1,6–11]. Though several empirical relation-

ships between induced densification and applied laser

doses have been proposed and have similar forms, the

mechanism of UV-laser-induced densification in fused
silica still remains unclear and poorly understood.

Molecular dynamics (MD) has proved to be a power-

ful tool for studying both microscopic and macroscopic

properties of materials. Many studies have been dedi-

cated to understanding the microstructural properties

[12–15] and pressure-induced densification [16–18] of

fused silica. Less attention has been focused, however,
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on how UV-laser irradiation causes densification in

fused silica and how laser irradiation affects its proper-

ties. Kubota et al. [19] used shock waves to model laser

pulses to achieve densification of up to 20% in fused sil-

ica. Wootton and his colleagues [20] modeled the laser

absorption process in fused silica as added kinetic
energy in excited Si–O bonds and also produced densifi-

cation. They proposed that the radiation-induced

compaction could be regarded as a localized melting

immediately followed by a rapid quench [20].

In the present study, we use classical molecular

dynamics to study UV-laser-induced densification in

fused silica. The model of laser irradiation is similar to

the method in Ref. [20]. The relationship between in-
duced densification and absorbed laser fluence is investi-

gated for different laser pulse durations. We also

perform detailed studies on the effects of laser irradia-

tion on the microstructures (radial distribution func-

tions, static structure factor, bond-angle distributions,

and ring-size distribution) and elastic properties of fused

silica.
2. Computational techniques

2.1. Equations of motion

Given N atoms in a triclinic simulation cell, we de-

note the edge vectors of the cell as ~a;~b;~c, respectively.
To avoid cell rotating during simulation, we restrict
the components of these vectors with ay = az = bz = 0,

ax > 0, by > 0, and cz > 0 [21]. The coordinates of atom

i are denoted as ~ri and its corresponding coordinates

in reciprocal space~si are equal to H�1~ri, where the ma-

trix H is defined as

H ¼ f~a;~b;~cg ¼
ax bx cx
0 by cy
0 0 cz

2
64

3
75: ð1Þ

To achieve an isothermal–isotension (NtT) ensemble,

the following Lagrangian is constructed [22–25]:

Lð~si; _~si;H; _H; f; _fÞ ¼ 1

2

XN
i¼1

mif
2 _~s

T

i G
_~si � U tot

þ 1

2
MPf

2Trð _HT _HÞ � pextV

� V 0Trðt�Þ þ
1

2
MT

_f
2

� gkBT ext lnðfÞ; ð2Þ

where f is the time-scale variable for temperature cou-
pling; mi is the mass of atom i; G = HTH; Utot is the total

potential energy of the simulation cell; MP and MT are

the mass parameters for stress and temperature cou-

pling, respectively; pext is the external hydrostatic pres-
sure and Text the external temperature; V is the

volume of the simulation cell; t is the thermodynamical

tension [23] and the strain matrix � ¼ 1
2
ðH�1T

0 GH�1
0 � 1Þ;

kB is the Boltzmann�s constant and g is the degrees of

freedom; subscript �0� denotes the values at zero stress,

superscript �T� the transpose of a matrix or vector, and
�Tr� the trace of a matrix. The time derivative is with re-

spect to the scaled time t, which is related to the real

time t 0 by

dt0 ¼ dt
f
: ð3Þ

The equations of motion are then derived from the

above Lagrangian with the assumption that the poten-

tial energy has only two-body terms:

€~si ¼ �H�1

mi

X
j 6¼i

oUðrijÞ
orij

~rij
rij

� G�1 _Gþ
_f
f
I

 !
_~si; ð4aÞ

MP
€H ¼ �MP

_f _H
f

þ ðP� pextIÞVH�1T �HC; ð4bÞ

€f ¼
_f
2

f
þ f
MT

XN
i¼1

mi
_~r
T

i
_~ri þMPTrð _H

T _HÞ � gkBT ext

" #
;

ð4cÞ

where ~rij ¼~ri �~rj and rij ¼j~rij j, P is the pressure ten-

sor, I is the identity matrix, C ¼ V 0H
�1
0 tH�1T

0 , and time

derivatives are with respect to the real time.

If we fix H, i.e., _H ¼ 0, we have equations for con-

stant volume and constant temperature (NVT) ensem-

ble. If both H and f are fixed, then Eqs. (4a)–(4c) will

produce a constant volume and constant energy

(NVE) ensemble.

2.2. Potential energy for SiO2

In this study, we use a modified BKS potential for sil-

ica [26,27], which includes a Coulomb term, a Bucking-

ham potential, and a 30-6 LJ potential:

UðrijÞ ¼ kC
qiqj
rij

þ Aije
�bijrij � Cij

r6ij

þ 4�ij
rij

rij

� �30

� rij

rij

� �6
" #

; ð5Þ

where kC is the Coulomb constant, atomic charge of Si

qSi = +2.4e, and atomic charge of O qO = �1.2e; the

other parameters are listed in Table 1.

The Coulomb term in BKS potential is calculated by

the smooth particle mesh Ewald method (SPME) [28].
The linked-list method [29] is used to compute the

short-range terms (direct space part in Ewald sum for

Coulomb term, Buckingham potential, and LJ potential)

with a cutoff distance of 1.0nm. Long-range corrections



Table 1

Atomic parameters in modified BKS potential

Aij
a (kJmol�1) bij

a (nm) cij
a (kJmol�1nm6) �ij

b (kJmol�1) rij
b (nm)

SiO 1 737 098.6612 48.7318 0.01288447 0.2989065 0.1313635

OO 133 996.2371 27.6000 0.01688494 0.1014110 0.1779239

SiSi 0.0 0.0 0.0 0.0 0.0

a Ref. [26].
b Ref. [27].
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for the total potential energy and pressure tensor due to

cutoff in short-range potentials are also calculated [30].

2.3. Simulation of laser irradiation

The effect of laser irradiation is modeled by the en-

ergy transfer from the absorbed laser photons to the

bonded silicon and oxygen atoms [20,31]. We assume
that the energy of absorbed laser photons is converted

into the kinetic energy of a pair of bonded Si and O

atoms. Absorbing Si–O bonds are selected randomly,

and then new velocities are assigned to the atoms in each

selected bond, assuming that the total kinetic energy

change is equal to the absorbed photon energy and the

total momentum remains the same as before absorption,

i.e.,

1

2
mSi~v

2
Si þ

1

2
mO~v

2
O ¼ E0

k;SiO þ DE ð6Þ

and

mSi~vSi þ mO~vO ¼~p0SiO; ð7Þ
where mSi, mO are the atomic masses; ~vSi;~vO are the

velocities of Si and O atoms in the selected bond after

photon absorption, respectively; E0
k;SiO is the total kinetic

energy of these two atoms before absorption; DE is the
energy of absorbed photons; and ~p0SiO is the total linear

momentum of the bond before absorption. Note that

there are six unknowns ð~vSi and~vOÞ but only four equa-

tions, so two unknowns must be determined randomly,

say vxSi and vySi. Then it is trivial to solve for the rest of

the unknowns from Eqs. (6) and (7). To ensure that

all the roots are real, the randomly assigned velocities

vxSi and vySi have to satisfy the following relation:

vxSi �
p0xSiO

mSi þ mO

� �2

þ vySi �
p0ySiO

mSi þ mO

 !2

<
mO

mSiðmSi þ mOÞ
2 E0

SiO þ DE
� �

� j~p0SiOj
2

mSi þ mO

" #
: ð8Þ
3. Simulation procedure

The initial configuration of the simulation cell is ob-

tained from an algorithm developed by Vink and Bark-
ema [32]. Unlike the melting/cooling method of glass-

making, this algorithm directly generates a continuous

random network (CRN) of silica glass by the so-called

bond transpositions [33]. Some advantages of this meth-

od over the melting/cooling process are (1) better agree-

ment with the experimental value for density, (2) smaller

bond-angle variations, and (3) the near absence of coor-

dination defects.
In this study, we use a cubic simulation cell contain-

ing 1506 atoms (502 Si atoms and 1004 O atoms) with

an initial density of 2.20g/cm3. Periodic boundary con-

ditions are applied in all three directions. Equations of

motion are solved by a modified Beeman integrator

[21] with a time step of 1 fs. We first equilibrate the cell

at 300K and zero stress for 300ps under NtT ensemble.

The initial velocities are generated with a Maxwell distri-
bution [30]. After relaxation, the cell shrinks a little and

the density increases to 2.30g/cm3, which is still in good

agreement with the experimental value of 2.20g/cm3.

Laser irradiation is then applied to the cell (also under

NtT ensemble) with a constant interval between two

adjacent absorptions for one simulation. This interval

of laser photon absorption varies from 500 to 8 time

steps to simulate different laser fluences for a given laser
pulse duration. During the simulations, we typically

consider up to 6250 photon absorptions (equivalent to

an absorbed fluence of approximately 0.16J/cm2). After

irradiation, the cell is allowed at least 200ps to reach

equilibrium again. The ensemble is then switched to

NVE for 1ns to collect the properties of the simulation

cell.

Densification of a cell after laser irradiation is defined
by

D ¼ qd � q0

q0

¼ V 0

V d

� 1; ð9Þ

where q0, qd, V0, and Vd are the densities and volumes of

the simulation cell before and after irradiation, respec-

tively. The absorbed laser fluence Fl is calculated by

F l ¼
Nphhc

kV 2=3
0

; ð10Þ

where Nph is the number of absorbed photons, k is the

laser wavelength, h is the Planck�s constant, and c is
the velocity of light in vacuum. In the present study,

we use, k = 193nm and exclusively two-photon absorp-
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tion [7,20], i.e., DE in Eq. (6) is 12.8eV for each

absorption.
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Fig. 2. MD simulation results of UV-laser-induced densification in

fused silica versus absorbed laser fluence for s = 50ps and s = 100ps,

respectively. At least 20 independent simulations were performed for

each fluence in each laser duration, and the error bars represent the

corresponding standard deviations. When absorbed laser fluence is

small (<0.02J/cm2), D = 128.74 Fl regardless of laser pulse duration.
4. Results

4.1. UV-laser-induced densification

To have reasonable statistical results, 12 simulation

cells with the same initial atomic configuration but

different initial velocities are used, and for each laser

fluence, at least 20 independent simulations are

performed. Fig. 1 shows a typical evolution of tempera-

ture, total potential energy (Utot), and cell volume with
simulation time. In the case presented in Fig. 1, the

interval of absorption is 25 time steps and the irradia-

tion duration (s) is 50ps.
Two sets of simulations with different laser irradia-

tion durations (s = 50ps and s = 100ps, respectively)

have been carried out. Fig. 2 presents the results of in-

duced densification versus absorbed laser fluence. For

s = 50ps, densification increases with laser fluence until
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Fig. 1. Typical evolution of (a) temperature, (b) total potential energy,

and (c) cell volume with simulation time. In this case, the interval of

photon absorption is 25 time steps, and the total number of

absorptions is 2000. The simulation cell is equilibrated at 300K and

zero stress for 300ps, irradiated for 50ps, and then allowed 250ps to

reach equilibrium again.
it reaches its maximum at Fl = 0.08J/cm2; then densifica-

tion decreases. In the case of s = 100ps, though laser-

induced densification increases monotonically within

the studied fluences, it gradually reaches a plateau after

Fl = 0.11J/cm2. It is interesting to note that both inter-

vals of absorption at the maximum densifications are

16 time steps. This might indicate a threshold of laser

intensity (Fl/s, or the interval of absorption in MD sim-
ulation) above which part of fused silica would tend to

expand against compaction. Curves in Fig. 2 become

independent of duration s for Fl less than 0.02J/cm2,

and densification is then linearly related to fluence by

D ¼ 128:74F l; for F l < 0:02 J=cm2; ð11Þ
where D is in percentage and Fl in J/cm2, and the coeffi-

cient is obtained through a least-squares fit of data for

both s = 50ps and s = 100ps. When Fl is above 0.02J/

cm2, densification with s = 100ps is larger than with

s = 50ps at the same laser fluence. This is probably be-
cause the cell with longer time between two absorptions

could adjust itself more to form a denser structure.

While this argument is apparently not true in the case

of very large s, where densification would be small since

laser irradiation has little effect on fused silica, a thresh-

old of s at which densification reaches a maximum

under a certain fluence would be of interest for further

study.
We have compared our results and previous studies,

including both MD simulations and experiments. In

Wootton et al.�s study [20], a simulation cell containing

864 atoms was used, and temperature and pressure were

fixed at 300K and 1atm by Gaussian constraints,

respectively. Their interval of excitations was 1000 time
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UV-laser irradiation. The insets are the enlargements of the first peaks.
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steps (each time step was 1.018 fs), and the number of

excitations was up to 200. Their amorphous silica con-

figurations were obtained by cooling melted b-quartz
and had an initial density of 2.56g/cm3 (from a cooling

rate of 1012K/s). An excitation energy of 10eV was

used in their simulation of laser irradiation. We have
estimated the absorbed laser fluence in their simula-

tion according to Eq. (10) with q0 = 2.56g/cm3, V0 =

11.22nm3, and k = 248nm. Their maximum Fl was

about 0.0064J/cm2. Densification at this fluence is about

0.82% according to Eq. (11) in our study, while it was

about 5.5% from their results. The discrepancy is not

surprising because of different initial configurations of

fused silica and laser excitation energy. They also found
a linear relationship between densification and fluence

for low fluences.

An empirical formula has been experimentally estab-

lished to describe the relation of UV-laser-induced den-

sification in fused silica and applied laser doses and has

the following form [1,8,9]:

d ¼ a Np

I2

s

� �b

; ð12Þ

where d is the densification in ppm, Np is the number of

laser pulses in millions, I is the incident laser fluence per

pulse in mJ/cm2, a and b are coefficients determined

empirically, and the units of laser pulse duration s are

in ns. Coefficients a and b vary with different experimen-
tal conditions and grades of silica glass, but b falls in the

range of 0.5–0.7. If we take a = 0.30 and b = 0.7 [9] and

consider an absorption rate of 0.5% for fused silica at

193nm [34], we estimate a densification of 5.4ppm

according to Eq. (12) for one of our MD simulation con-

ditions: Fl = 0.0088J/cm2, s = 0.05ns, and Np = 10�6

million. This is three orders of magnitude smaller than

the MD simulated densification (1.2%). For the largest
fluence in our simulation, Eq. (12) predicts a densifica-

tion of 326.8ppm for s = 0.05ns, which is still two or-

ders of magnitude smaller than the simulation result

(2.0%). This discrepancy is probably due to the large dif-

ferences in irradiation conditions. A typical fluence of

a UV-laser in densification experiment is of the order

of 10mJ/cm2 (equivalent to an absorbed fluence of

0.05mJ/cm2 in MD simulation), and pulse duration is
about 20ns. It is very likely that Eq. (12) found in these

experimental conditions is no longer satisfied under MD

simulation conditions. Fig. 2 also indicates that a differ-

ent functional form of D versus Fl relation may exist for

different laser pulse durations. On the other hand, our

densification results are comparable to those from high-

er-laser-fluence experiments. Fiori and Devine [5] used a

248nm laser with a fluence of 300mJ/cm2 and a pulse
duration of 20ns to study the densification of a-SiO2

thin film. For an accumulated dose of 30J/cm2 (equiva-

lent to an absorbed fluence of 0.16J/cm2), a densification

of approximately 1% was achieved. A 10lm-thick layer
of 20% densification has also been found on a fused sil-

ica surface in a high-fluence, 355nm laser damage test

[35].

4.2. Effects of laser irradiation on the properties of

fused silica

To investigate how UV-laser irradiation affects the

properties of fused silica, we have studied its microstruc-

tural and elastic properties before and after irradiation.

For convenience, we name Cell#l an unirradiated cell,

Cell#2 a cell irradiated by a laser pulse of Fl = 0.053J/

cm2 and s = 50ps and producing a densification of

8.4%, and Cell#3 a cell irradiated by a laser pulse of
Fl = 0.106J/cm2 and s = 100ps and producing a densifi-

cation of 14.8%.

The radial distribution functions (RDFs) gab(r) are

presented in Fig. 3. The magnitudes of the first peaks

in the RDFs are found to decrease with increasing den-

sity. While the position of gSiO(r)�s first peak does not

change, those of gOO(r) and gSiSi(r) decrease slightly.

The second peak of gSiSi(r) changes much more signifi-
cantly than those of the other two: it becomes flatter

and moves toward smaller distance. We have also stud-

ied the change of coordination numbers of Si and O

atoms and present the results in Table 2. The coordina-

tion number of an atom is defined as the number of its

nearest neighbors, while the cutoff distance for the near-

est neighbors is the position of the minimum between

the first and second peaks in corresponding RDF. For
unirradiated fused silica, each Si atom is connected with

four O atoms and each O atom with two Si atoms. Upon

irradiation, both under-coordinated and over-coordi-

nated defects are found. The number of over-coordi-



Table 2

Change of the coordination numbers after laser irradiation

Coordination

number

Cell#1 Cell#2 Cell#3

Si (%) O (%) Si (%) O (%) Si (%) O (%)

1 0.7 0.1

2 100 98.2 96.0

3 0.6 1.1 3.9

4 100 98.0 92.4

5 1.4 7.6
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nated atoms increases with induced densification, i.e.,

each atom tends to have more neighbors and macro-

scopically the material becomes denser.

From RDFs, one can calculate the neutron-scattering

static structure factor SN(q) [36]. In Fig. 4 we compare

SN(q) of Cell#1, Cell#2, and Cell#3, along with an

experimental result for a fused silica sample with a den-

sity of 2.32g/cm3 [37]. The first sharp peak in SN(q)
moves toward higher q (from 15.6nm�1 to 16.5nm�1

to 17.2nm�1) and decreases in magnitude with increas-

ing density, while the second peak shifts toward lower

q (from 30.3nm�1 to 29.7nm�1 to 29.6nm�1). Changes

in the third and further peaks are relatively small, indi-

cating the change of the short-range order in fused silica

is small. Similar observations were reported in experi-

mental studies on pressure-induced densification of sil-
ica glass [37,38].

The bond-angle distributions (BAD) are shown in

Fig. 5. In the \O–Si–O BAD, one sharp peak is cen-

tered at 109.39� for the unirradiated fused silica cell;

this peak moves toward lower angle and its magnitude

decreases after laser irradiation. In the \Si–O–Si BAD,

a broad peak is centered at 145.68� in the unirradiated

state; similarly, its magnitude decreases with density
and position moves toward lower angle. A small peak
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Fig. 4. Comparison of the neutron scattering static structure factors

SN(q). The experimental data are taken from Ref. [37].
at about 100� is found in Cell#3. In the \Si–Si–Si

BAD, the peak is broad with a flat top, and the mean

value of \Si–Si–Si shifts from 108.61� (Cell#1) to

106.98� (Cell#2) to 106.19� (Cell#3); the flat top

broadens with density and a small peak around 60�
appears in Cell#2 and Cell#3. There are two peaks
in the \Si–Si–O BAD: one at 25.93� and the other

at 106.63� in the unirradiated cell. With increasing

density, the first peak moves toward higher angle

(18.83� in Cell#2 and 19.93� in Cell#3) and the second

peak moves in the opposite direction (104.48� in

Cell#2 and 102.23� in Cell#3). In the \Si–O–O BAD

for Cell#l, one sharp peak is found at 35.58�, followed
by a broad band tail from 80� to 180�. This sharp
peak moves slightly toward higher angle after irradia-

tion, and the broad band becomes even broader, rang-

ing from about 55� to 180�. Similarly, a sharp peak is

followed by a very blunt peak in the \O–O–O BAD.

While this sharp peak at 59.48� is barely affected by

laser irradiation, the blunt peak at about 135� increases
greatly in magnitude and moves toward lower angle

with increasing density induced by irradiation.
The ring structure in amorphous silica is a well-ac-

cepted concept [39]. A ring is defined as a closed path

consisting of Si–O bonds. The number of Si atoms in

a ring is used to represent the size of this ring, i.e., an

n-member ring contains n Si atoms and 2n Si–O bonds.

The ring-size distribution is a statistical distribution of

the number of rings around a given Si atom. Here we

are interested only in primitive rings that cannot be
decomposed into two or more smaller rings [40]. An

efficient algorithm is used to collect this property [40].

Simulation results for the ring-size distribution of up

to 10-member rings are presented in Fig. 6. In the unir-

radiated state, the ring-size distribution peaks at the 6-

member ring, and there are no rings of size smaller than

4 found in Cell#l, which indicates an excellent thermal

equilibrium in the cell [41]. After irradiation, the number
of 6-member rings decreases and that of rings of other

sizes increases. The appearance of 3-member rings con-

tributes to the peak at 60� in the \Si–Si–Si BAD of the

densified cells, while the peak at 100� in the \Si–O–Si

BAD of Cell#3 is due to 2-member rings. With a densi-

fication of 14.8%, the dominant ring size changes from 6

to both 6 and 7. Another MD study reports similar

results for a shock wave densified fused silica cell [19].
According to above observations on the changes of

the microstructural properties of fused silica upon laser

irradiation, the absorbed photon energy activates the

reconstruction of silica structures, and Si atoms are

brought closer to their Si neighbors and so are O atoms

to their O neighbors. This eventually forms a denser

phase of fused silica under the same temperature and

pressure.
We also investigate the change of elastic properties of

fused silica after laser irradiation. The adiabatic elastic
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constants are calculated in NVE ensemble under zero

stress by [42]
Cijkl ¼ � V
kBT

dðP ij; PklÞ þ
2NkBT

V
ðdildjk þ dikdjlÞ

þ 1

V

XN
a¼1

XN
b>a

f ðrabÞriabr
j
abr

k
abr

l
ab

* +
; ð13Þ

where fluctuations d(Pij,Pkl) = hPijPkli � hPijihPkli, Pij is

the pressure tensor, T is the temperature of the simula-

tion cell, riab is the ith component of vector~rab, angular
brackets denote ensemble average, and function

f(r) = [U00(r) � U 0(r)/r]/r2. The instant parts in the first

and third terms on the right-hand side of Eq. (13) are

calculated every two time steps, and averages are taken

every 100ps in a simulation run of 1ns. Table 3 lists the

results for Young�s modulus (E) bulk modulus (K),

shear modulus (G), and Lamé constant (L) of fused sil-

ica. G is the average of C44, C55, and C66; L is the aver-
age of C12, C13, and C23; and E and B are calculated

respectively by

E ¼ ðC11 � LÞðC11 þ 2LÞ
C11 þ L

; B ¼ C11 þ 2L
3

; ð14Þ



Table 3

Young�s modulus, bulk modulus, shear modulus, and Lamé constant

of unirradiated and irradiated fused silica cells

Cell# E (GPa) B (GPa) G (GPa) L (GPa)

1a 67.2 ± 6.4 30.3 ± 4.3 30.2 ± 2.8 10.3 ± 4.2

2b 74.8 ± 9.0 43.0 ± 6.0 31.3 ± 4.9 22.3 ± 6.5

3c 95.9 ± 14.2 57.5 ± 4.7 35.9 ± 3.5 31.2 ± 5.2

Experimentd 72.7 35.4 31.4 14.5e

a Unirradiated cell.
b Fl = 0.053J/cm2, s = 50ps, D = 8.4%.
c Fl = 0.106J/cm2, s = 100ps, D = 14.8%.
d Ref. [45].
e Calculated from E and G in Ref. [45] according to L = G(E � 2G)/

(3G � E).
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where C11 is the average of C11, C22, and C33, and the

subscripts of Cij follow Voigt�s notation. The corre-

sponding experimental data are also included in Table

3 to show that the simulated elastic constants of unirra-

diated fused silica are in good agreement with the exper-

imental ones. We observe that Young�s modulus, bulk

modulus, and Lamé constant of fused silica increase

rapidly after laser irradiation, while the shear modulus
increases only slightly (18.8% compared to 42.7% in E,

89.8% in B, and 203.2% in L for Cell#3). In the experi-

mental work of Meade and Jeanloz [43], the bulk mod-

ulus of silica glass was found to increase with applied

hydrostatic pressure. Another MD study also reported

the increase of E, G, and B with the density of nano-

phase silica glass [44], in which simulation cells contain-

ing more than one million atoms were studied without
applying periodic boundary conditions and the densities

of amorphous silica ranged from 1.67 to 2.03g/cm3.
5. Conclusions

We have performed classical molecular dynamics

simulations to study UV-laser-induced densification in
fused silica. With a model of energy transfer for laser

irradiation, densification is observed in fused silica sim-

ulation cells. Relationships between absorbed laser flu-

ence and induced densification at 193nm are studied

for laser fluences of up to 0.16J/cm2 and two laser dura-

tions (50ps and 100ps). For s = 50ps, densification is

found to decrease mildly beyond Fl � 0.08J/cm2. In

the case of s = 100ps, densification increases monotoni-
cally with absorbed laser fluence. Therefore we propose

that a different laser pulse duration produces a different

form of the relationship between laser fluence and den-

sification. In both cases, the induced densification is of

the order of 5%, which is in reasonable agreement with

another MD study and with high-fluence laser irradia-

tion experiments on fused silica.

Microstructural properties and elastic constants of
fused silica are investigated to study to effects of laser
irradiation. By comparing these properties of unirradi-

ated cell and irradiated cells, we find that the length of

the Si–O bond is little affected by laser irradiation, but

those of O–O and Si–Si become shorter; over-coordi-

nated Si atoms and O atoms appear after laser irradia-

tion and their numbers increase with increasing
density; the average bond angles of \O–Si–O and

\Si–O–Si decrease with density; the number of 6-mem-

ber rings decreases after irradiation with the others

increasing, and both 6- and 7-member rings become

dominant at a densification of 14.8%; Young�s modulus,

bulk modulus, and Lamé constant increase rapidly with

density while the shear modulus increases at a much

lower rate.
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Hügel, F. Dausinger, P. Berger, Appl. Surf. Sci. 186 (2002) 369.

[32] R.L.C. Vink, G.T. Barkema, Phys. Rev. B 67 (2003) 245201-1.
[33] F. Wooten, K. Winer, D. Weaire, Phys. Rev. Lett. 54 (1985)

1392.

[34] V. Liberman, M. Rothschild, J.H.C. Sedlacek, R.S. Uttaro, A.K.

Bates, C. Van Peski, Proc. SPIE 3578 (1998) 2.

[35] J. Wong, D.L. Haupt, J.H. Kinney, J. Ferriera, I.D. Hutcheon,

S.G. Demos, M.R. Kozlowski, Proc. SPIE 4347 (2001)

466.

[36] G. Gutiérrez, Phys. Rev. B 65 (2002) 104202-1.

[37] Y. Inamura, M. Arai, M. Nakamura, T. Otomo, N. Kitamura,

S.M. Bennington, A.C. Hannon, U. Buchenau, J. Non-Cryst.

Solids 293–295 (2001) 389.

[38] C. Meade, R.J. Hemley, H.K. Mao, Phys. Rev. Lett. 69 (1992)

1387.

[39] K. Awazu, H. Kawazoe, J. Appl. Phys. 94 (2003) 6243.

[40] X. Yuan, A.N. Cormack, Comput. Mater. Sci. 24 (2002) 343.

[41] A. Pasquarello, R. Car, Phys. Rev. Lett. 80 (1998) 5145.

[42] J.R. Ray, M.C. Moody, A. Rahman, Phys. Rev. B 32 (1985)

733.

[43] C. Meade, R. Jeanloz, Phys. Rev. B 35 (1987) 236.

[44] T. Campbell, R.K. Kalia, A. Nakano, F. Shimojo, K. Tsuruta, P.

Vashishta, S. Ogata, Phys. Rev. Lett. 82 (1999) 4018.

[45] Product sheet for HPFS� 7980 standard grade, Corning, NY.

http://www.corning.com.

http://www.corning.com
Petar Atanasov
Highlight


	UV-laser-induced densification of fused silica: a molecular dynamics study
	Introduction
	Computational techniques
	Equations of motion
	Potential energy for SiO2
	Simulation of laser irradiation

	Simulation procedure
	Results
	UV-laser-induced densification
	Effects of laser irradiation on the properties of�fused silica

	Conclusions
	Acknowledgments
	References


