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(Received 7 May 2008; accepted 26 June 2008; published online 16 July 2008)

We explain the occurrence of ion exchange and an index profile around the focal point inside a
commercial crown glass formed by femtosecond laser irradiation. The index profile in the
photoinduced area has a ring-shaped pattern, which indicates that local densification occurred in the
glass. An irregular surface reflecting the density distribution is formed around the focal point
by dry etching process using a focused ion beam. By the irradiation of femtosecond laser pulses,
the effect of ion exchange between the focal point and the surrounding area is also observed
in the area in which local densification occurred. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2959820]

Micromachining using femtosecond laser pulses has
attracted considerable attention because it is extremely useful
for the fabrication of waveguides,l’2 couplers,3 and
microvoids*® and for the precipitation of  gold
nanoparticlesé’7 inside transparent materials. When femtosec-
ond laser pulses are focused inside glass or polymer via an
objective lens, a photoinduced reaction occurs only near the
focal point due to multiphoton absorption, resulting in a
change in refractive index or the formation of microvoids at
the focal point. In addition, when high-intensity laser pulses
are focused inside specific transparent materials, filamenta-
tion is caused by nonlinear pulse propagation due to a dy-
namic competition between self-focusing and defocusing of
electron plasma.8 In a previous paper, we have reported the
spontaneous formation of a periodical array composed of
nano-sized spherical voids in commercial borosilicate glass,
under femtosecond laser irradiation at a low repetition rate of
1 kHz.” This method can also be used to form dense dislo-
cations with a cross-shaped pattern in a specific area in MgO
single crystal.'® These formations are considered to be
caused by shock waves near the focal point that is exposed to
femtosecond laser pulses.

Femtosecond laser irradiation at a high repetition rate of
over ~200 kHz tends to produce not only shock waves but
also causes a heat accumulation effect around the focal
point.11 Recently, it has been demonstrated that the latter is
highly effective in writing a waveguide with a low optical
attenuation'” and precipitating a 8-BaB,0, (Barium borate)
crystal inside the glass.13 If heat transfer, also known as ther-
momigration, occurs inside the glass due to laser irradiation,
the constituent elements of the glass will either disperse or
agglomerate in a specific area because of the formation of a
thermal gradient in a small area. Then, not only migration
but also local distortion may occur. After the laser irradia-
tion, the heated area in the glass is immediately quenched by
rapid cooling. Investigating the relationship between ion be-
havior and the distortion is important for clarifying the rea-
son for the change in refractive index or formation of voids
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using the laser irradiation technique; however, this relation-
ship has not yet been fully understood.

In this study, we analyzed the ion distribution in glass by
using a dry etching process and an electron probe microana-
lyzer (EPMA). We found that when the laser pulses were
focused tightly on the glass for a short time of ~1 s, some
ions rapidly diffused away from the focal point, while others
were concentrated around it.

In our experiments, we used commercially available syn-
thetic crown glasses, S-1111 (Matsunami Co. Ltd., Japan),
with dimensions of 5X5X0.9 mm3. Optical absorption
measured with a spectrophotometer (JASCO V-570) was ig-
nored in the wavelength range from 350 nm to 1 um. The
chemical composition of the glass samples was Na,O
(9.25 wt %), SiO, (67.3 wt %), CaO (7.21 wt %), K,O
(8.97 wt %), and ZnO (4.14 wt %), as determined by x-ray
fluorescence analysis (Rigaku, x-ray spectrometer 3270). A
regeneratively amplified 800 nm Ti:sapphire laser that emits
120 fs, 200 kHz (Coherent, Verdi) mode-locked pulses was
used in our experiments. A laser beam, with a diameter of
5 mm in the Gaussian mode, was focused inside the glass
sample using a water immersion objective lens [63X magni-
fication with a numerical aperture (NA) of 1.2] and a xyz
stage. 2.0 X 103 successive pulses were sharply focused in-
side the glass sample for 1 s. The energy of each laser pulses
was approximately controlled between 0.5 and 2.5 uJ by us-
ing a neutral density filter. To determine and visualize the
distribution of ions and the change in refractive index after
laser irradiation, we prepared a cross-sectional slice by etch-
ing with a focused ion beam (FIB) until the layer containing
the focal point was exposed. The roughness of the exposed
layer was characterized by atomic force microscopy (AFM)
(SPI-4000). The distribution of the refractive index change
around the photomodified area was analyzed using beam
profile reflectometry. A field-emission EPMA (FE-EPMA:
JXA-8500F) was used to visualize the existence and distri-
bution of six ions (Si, O, Na, K, Zn, and Ca) around the focal
point.

Figure 1(a) shows AFM images of an area of 30
X 30 wm? captured after laser irradiation and dry etching
with pulse energies of (i) 0.5 wuJ, (ii) 0.9 wJ, and (iii) 1.3 wJ.
The black dots in Fig. 1(a) indicate a single void with a
diameter of approximately 1 wm at a depth of 500 nm. It is
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FIG. 1. (a) AFM image of the array of void in the area of 30X 30 um?
formed by femtosecond laser irradiation with a pulse energy of (i) 0.5 uJ,
(ii) 0.9 wJ, and (iii) 1.3 wJ and successive FIB dry etching process, respec-
tively. (b) Average roughness around the focal point as a function of pulse
energy. (c) Top view optical microscope photograph around the focal point
after femtosecond laser irradiation.

remarkable that some hollows having a diameter of
15-20 wm, as shown in Fig. 1(a-iii) in particular, are clearly
observed around each void. These hollows are caused by the
difference in etching speed in a highly dense area, and they
are responsible for the formation of an irregular surface. Fig-
ure 1(b) shows the average roughness of the exposed glass
surface as a function of the focal pulse energy. The rough-
ness increases dramatically when the pulse energy increases
up to 1.3 uJ due to the formation of hollows, as shown in
Fig. 1(a-iii). Figure 1(c) shows a top view optical microscope
image captured after laser irradiation with a pulse energy of
2.0 wJ. A white ring-shaped pattern with a diameter of
20 pwm which is caused by the change in refractive index, is
clearly observed around the focal point. The ring area shares
its boundary with the rough area shown in Fig. 1(a-iii). A
detailed examination of SiO, glass after femtosecond laser
irradiation at a repetition rate of 1 kHz, which did not have a
heat accumulation effect, was performed in Refs. 14 and 15.
It is probable that the ring-shaped pattern is closely related to
the local distortion of the glass sample, accompanied by the
heat accumulation effect.

Figure 2 shows an index profile of the photomodified
area around the focal point formed by laser irradiation with a
pulse energy of 2.5 uJ and a 20 X (NA=0.4) objective lens.
The top view optical microscope image of the area around
the central dot is also shown in the same figure. The photo-
modified area contains a circular pattern with a different in-
dex profile. We classify this area into three sections; (a) a
central black dot, (b) a white-ring area with a diameter of
~20 um, and (c) a gray-ring area with a diameter of
~60 um. The refractive index of (a) is less than 1.48, which
is lower than that of the glass substrate (1.53). Section (b)
has the highest refractive index of ~1.56 at the photomodi-
fied area. The refractive index of (c) is less than ~1.54,
which is lower than that of (b). Briefly, the sections are ar-
ranged according to their refractive indices as follows: (b)
> (c)> (a). From the Lorentz—Lorenz formula,'® it is evident
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FIG. 2. (Color) Index profile around the focal point after femtosecond laser
irradiation, measured using beam profile reflectometry. The inset at the top
shows an optical microscope image of the measured area.

that the density of the glass is proportional to its refractive
index. In our sample, there is a disparity of 1.7% between the
highest and lowest densities calculated by this formula.
These results indicate that the photomodified area has a con-
centric density profile after laser irradiation, which explains
the formation of the inhomogeneous area due to femtosecond
laser irradiation. The index profile of the photomodified area
in Si0O, glass is shown in Ref. 14; however, the densified
area is quite different in our study, probably due to the effect
of another species except Si and O ions.

Figure 3(a) shows a profile of the ion concentration
around the focal point after laser irradiation, as analyzed by
FE-EPMA. The relative concentrations of Si** and O~ ions
(termed group I ions) increase and those of K*, Na*, Ca®*,
and Zn** (termed group II ions) decrease at the focal point.
However, in the area around the focal point, an opposite
trend is observed. Figure 3(b) shows the results of a line-scan
analysis of the relative atomic concentration across the focal
point. The blue and yellow areas correspond to a circular
area with a radius of ~8 um and around the focal point with
a radius of £10 um, respectively. In the blue area, the con-
centrations of Si** and O~ ions increase sharply to ~17 and
10 at %, respectively, and the concentration of Group II ions,
especially K*, decreases to ~5 at %. In contrast, in the yel-
low area, the concentration of group I ions decreases to
~5 at % (Si**), and that of group II increases to ~2 at %
(Na*). These results indicate that “ion exchange” effects
might occur mainly between the blue and yellow areas in a
very short time.

It is noteworthy that groups I and II have different ion
distribution profiles, as shown in Figs. 3(a) and 3(b). This
difference may be attributed to the behavior of each ion in
the glass. Group I ions form the framework of the glass
sample and group II provides additional oxygen ions that
modify the network structure. Group I ions are generally
known as network formers, while group II are known as
network modifiers. The single-bond strength of the network
formers [Si—O (106 kcal/g atom)] is much higher than that
of the network modifiers [Zn—-O (36 kcal/g atom), Ca—O
(32 kcal/g atom), and K-O (13 kcal/g atom)]."” Therefore,
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FIG. 3. (Color) (a) Ion distribution around the focal point after laser irra-
diation, as measured by EPMA. (b) Relative concentration profile of each
ion across the photomodified area.

the bonds of the network modifiers will be easily broken, and
each ion will diffuse away from the focal point.

Our group estimated that the temperature at the focal
point exposed to a single femtosecond laser pulse with a
pulse energy of 0.1 uJ would be higher than 3000 K, which
induces a pressure increase of 1 GPa measured using a tran-
sient lens method with a time resolution of subpicoseconds.18
On the basis of this result, we speculated the possibility of
changing the ring-shaped structure of the photoinduced area
around the focal point by melting it. Koubassov et al. sug-
gested the possibility of melting and subsequent structural
change at the focal point in SiO, glass during femtosecond
laser irradiation.'” When the femtosecond laser beam was
focused inside a glass, it ruptured at the focal point and
transformed into a liquid state; then, all the bonds linking the
metallic ions broke, resulting in the dispersion of the ions
with a ring shape. In addition, diffusion classified as multi-
component diffusion occurred during laser irradiation be-
cause the sample glass contained many additional species
classified as Group II ions. Since the diffusion coefficient of
various modifiers (group II ions) was generally larger than
that of the group I ions, group II ions diffused away from the
laser-irradiated area due to the generation of shock waves
and migrated out of the melting zone, thereby producing a
ring. This process is schematically illustrated in Fig. 4.

In conclusion, we have demonstrated the ion exchange
effect in glass after femtosecond laser irradiation. The glass

Appl. Phys. Lett. 93, 023112 (2008)
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FIG. 4. Schematic illustration of the ion exchange process under femtosec-
ond laser irradiation.

around the focal point has a ring-shaped structure, which
indicates a high refractive index change. Ion exchange has
also observed at the focal point in the glass between two
groups of ions: network formers and network modifiers. The
results of this study will be very important for writing a
waveguide or a photonic device inside various types of glass.
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