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Effects of Ion Micro beam Irradiation on Silica Glass 
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Silica glasses were implanted with H+ or Si5+ at the microbeam facility of TIARA (JAERI Takasaki, Japan). 
Micron and sub-micron scale radiation effects induced by ion microbeam were studied using a confocal 
optical microscope equipped with a monochromator under excitation with an Ar ion laser. Three 
dimensional mappings of Raman scattering and photoluminescence (PL) features of the microbeam 
irradiated area in silica glass indicate the formations of the luminescent dangling bonds and small ring 
structures associated with the compaction of silica glass. Surface topology was also investigated by an 
atomic force microscope, showing the formation of surface grooves due to the internal compaction of silica 
glass. Technological implications of these results on the possible application of the ion microbeam 
techniques to the fabrication of optical elements will be discussed. 
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1. INTRODUCTION 
Owing to the high transparency and durability, 

silica glass is one of the most promising optical 
materials for the substrates of various 
applications using ion-beam processing 
techniques. Effects of ion implantation on silica 
glass include structural compaction and resultin:f 
refractive index changes up to an order of 1 o· , 
which has been used for fabrication of various 
optical elements such as long-period optical fiber 
gratings[1]. We have studied this phenomenon 
using an ion microbeam technique for fabrication 
of micrometer-scale optical elements on silica 
glass(2,3]. 

Rapid growth of the data traffic on the intern et 
drives the development of wavelength division 
multiplexing (WDM) technique. Optical filters 
using fib er Bragg gratings (FBG) is one of the 
most important optical elements for the WDM. 
Writing with ion beam is advantageous over a 
conventional UV writing technique of the FBG[ 4 ], 
since no special pre-treatment of silica glass is 
involved for enhanced photosensitivity. Also, a 
better stability of induced grating structure is 
assured by ion implantation. 

In this study, we report the results of radiation 
effects induced by ion microbeam irradiation on 
silica glass. Application of the ion micro beam to 
direct writing of grating on waveguide is also 
discussed. 

2. EXPERIMENTAL PROCEDURES 
Samples are high-purity silica ([OH]: 1200 

ppm) with a dimension of 3x3x10 mm3
. The 

samples were irradiated either by H+ microbeam 
through a 4-Jlm thick mylar film for vacuum 
retention membrane using a 3-MV single-ended 
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accelerator, or by Si 5
+ microbeam under vacuum 

using a 3-MV tandem accelerator (TIARA, JAERI 
Takasaki). 

The ion microbeam focused to a diameter of 
~ 1 Jlm was line-scanned over a sample edge 
region perpendicular to an edge line with a length 
of ~50 Jlm, and widths varied from 10 to 40 Jlm. 
Radiation effects induced by ion microbeam were 
investigated by means of 
micro-Raman/photoluminescence (Jl-Raman/PL) 
spectroscopy, an atomic force microscopy (AFM), 
and optical microscopy. Lateral and axial spatial 
resolutions are respectively estimated to be 4 11m 
and 20 11m for Raman scattering (JASCO, 
NRS21 00) and 1 11m and 0.8 11m for PL (Tokyo 
Instruments, Nanofinder) measurements. 

In addition, a microscopic two-beam 
interferometer was used to evaluate refractive 
index changes in microbeam irradiated regions in 
silica glass. 

3. RESULTS AND DISCUSSION 
3.1 Phase microscope images 

Figure I shows a phase microscope image 
obtained from the side surface of silica glass on 
which the H+ -micro beam was scanned at different 
widths. At the stopping range of H+, the lateral 
spread of refractive index changed region 
represented as a bright area in Fig. 1, is estimated 
to be 8 Jlm for the microbeam-scanned width of 1 
Jlm (see the rightmost rectangular region). The 
lateral straggling for H+ ion distribution is 
estimated to be ~ 1.6 11m by a TRIM simulation. 
Since a significant stress buildup is expected at 
the site of the compaction in the projected range, 
the compacted region can induce further 
structural relaxation and refractive index change 
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1 Phase microscope image obtained for the side surface of the silica glass irradiated by micro beam 
, energy: 1.7 MeV, fluence: Jx10 17 ions/cm2

) with different irradiation widths of40, 20, 10, 5, 3, and 
Jlm from left to right. 

in the surrounding Si02 network. Therefore, the 
broader lateral distribution width of 8 !lm at the 
projected range corresponds to distribution of the 
structural relaxation of silica glass. 

On the other hand, although the refractive 
index change is not so significant, the lateral 
spread near the irradiation surface is smaller, 
when compared with the stopping range. 

Fig. 2 Interference fringes taken by a 
microscopic two-beam interferometer, 
obtained for H+ microbeam irradiated region 
(1.7 MeV, Jxl0 17 cm-2

, width: 20 Jlm). 
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Fig. 3 Refractive index change (Lm) measured by a 
microscopic two-beam interferometer (solid line) 
from Fig. 2 and that estimated by an atomic force 
microscope (broken line) for ( 1. 7 Me V, 1 x 10 17 

cm-2
, width: 20 ~-tm). 

3.2 Depth profile of refractive index change 
Figure 2 shows an image obtained by a microscopic 

two-beam interferometer for the H+-beam-scanned area 
with 20 Jlm width. At the stopping range of ions, large 
displacements of the interference fringes were observed. 
Since the displacement of the fringe is proportional to 
refractive index change ~n, it is possible to estimate ~n 
as a function of the depth from the surface. 

Figure 3 shows the depth distribution of ~n (solid 
line) estimated from the interference fringes in Fig. 2. 
Also shown is ~n (broken line) obtained from the 
compaction of silica glass, which is calculated from the 
surface grooves measured at the side and front surfaces 
by AFM measurements using the Lorentz-Lorenz 
relationship [5]. 

f1n = (n2 -!Xnz + 2). f1V 

6n V ( l) 

The result from the microscopic two-beam 
interferometer shows the maximum of the 
H+-microbeam-induced ~n at the depth of 32 Jlm. 
This is in fair agreement with the result of ~n 
estimated by AFM. Relatively large discrepancy 
at the projected range may be due to errors in 
estimating the internal compaction of silica glass 
from the depth of the grooves at the front and 
side surfaces by the AFM measurement. We also 
note that ~n with an order of magnitude of lower 
value is induced at the track of ions than the 
stopping range. 

3.3 Raman scattering 
Figure 4 shows J.L-Raman spectra at the 40 

Jlm-width microbeam-scanned area measured at 
different depths from the irradiation surface. At 
the stopping range (32 Jlm) of H+, a significant 
increase was observed for the Raman scattering 
intensity at 606 cm- 1 due to three-membered 
rings[6], which are smaller than regular ring sizes 
of five- or six-membered rings in silica glass 
networks. This supports the mechanism of 
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Fig. 4 Jl-Raman spectra obtained for the irradiation 
width of 40 Jlm at different depths from the 
surface (H+, 1.7 MeV, fluence: JxJ0 17 cm-2

). The 
606 cm- 1 intensity is shown as an intensity ratio to 
the 800 cm- 1 peak due to Si-0-Si bending mode. 
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Fig.5 (a)PL spectra and (b )two-dimensional PL 
intensity distributions of the 650 nm band 
obtained for the irradiated region with a line 
width of 40 Jlm (H+, energy: 1.7 MeV, 
fluence:Ixl0 17 cm-2

). 

refractive index changes according to Eq. (1) due 
to the compaction of silica glass induced by ion 
beam irradiation. 

3.4 Photoluminescence 
To obtain more insight into the effects of 

microbeam irradiation on the structure of silica 
glass, 11-PL measurements were performed. Fig. 5 
(a) shows PL spectra at room temperature under 
excitation at 488 nm. Two PL bands at 540 nm 
and 650 nm are observed at the surface of the 
microbeam irradiated regions. The PL band at 650 
nm is due to ~onbridging oxygen hole centers[7] 
(NBOHCs, =SI-0 • , where the symbols "=" and 
" ~ ", respectively, represent separate three bonds 
With three oxygens and an unpaired electron) 
while the origin of the 540 nm band was not 
previously reported. 

The depth profile of the PL intensity at 650 nm 
was performed on the sample from the side 
surface. Fig. 5 (b) shows a PL mapping image 
obtained for the side surface of the sample. The 
distribution of the PL intensity due to NBOHCs 
can be seen from the surface along the tracks of 
ions with a maximum at the range. 

3.5 Mechanisms of defect generation and 
compaction 

Figure 6 shows a result obtained by a TRIM98 

simulation [8] for silica irradiated with a 4-)lm-thick 
mylar film on the surface implanted with H+ ions at 1.7 
MeV. . The energy deposition by electronic 
stoppmg power is dominating over the entire 
track of ions, while the energy deposited by 
nuclear stopping power is less than I% of total 
deposited energy. 

Sin~e t~e pn?fil~ ?f the electronic stopping 
power m Fig. 6 1s similar to that observed PL in 
Fig.5 (b), the electronic stopping power is 
responsible for the defect generation. The 
formation mechanism of the NBOHC is due to the 
breaking of normal Si-0 bond: 

Si-0-Si-->Si-0 · + ·Si=, (2) 

which is driven by the non-radiative decay of 
self-trapped excitons produced under dense 
excitat!ons along the tracks of ions[9]. The 
formatiOn reaction of equation (2) is consistent 
with our previous ESR study on H+ irradiated 
silica glass, where the pair creation of NBOHC 
and its counterpart, the E' center (=Si · ) was 
observed [10]. 
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Fig. 6 Energy deposition and ion distribution 
calculated by TRIM 98 simulation for silica 
with a 4-)lm-thick mylar film on the surface 
implanted with H+ ions at 1.7 MeV. 

The refractive index change profile shown in 
Fig.3 is also in good agreement with that of 
energy deposition by electronic stopping power 
rrom the surface ~o the projected range. Taking 
mto account the mcreased small-ring structures 
such as three-membered rings from Raman 
spectra in Fig. 4, the refractive index change due 
to compaction of silica glass is determined by the 
electronic stopping power. However, at the 
projected range of ions, we cannot rule out the 
effect of nuclear stopping [11] as well as 
electronic one on the refractive index change. 

3.6 Application for writing gratings 
Periodic modulation of refractive index at 

intervals as small as 0.5 Jlm at the core of a 
waveguide is required to fabricate the Bragg 
gratings [4], which can selectively reflect a 
specific wavelength of light in the WDM system 
for optical communication at 1.55 Jlm. 
Therefore, the lateral spread of the refractive 
index changes should be minimized for the direct 
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wntmg of the Bragg gratings using ion 
microbeam, while a sufficient Lln of 1 o-3 order is 
achieved as shown in Fig.3. A possibility for the 
better resolution in direct writing by H­
microbeam may be achieved by the use of 
radiation effect near the surface rather than that 
at the stopping range, though an order of higher 
fluence is required. 

Figures 7 (a) and (b) show optical microscope 
images obtained for the cross sections of the 
samples irradiated by the microbeam of H+ and 
Si5

\ respectively. Refractive index changes can 
be seen as white bright regions by the transmitted 
light through samples illuminated from the other 
surface. For the case of H+ irradiation. the 
fluence of 10 17 cm·2 order is required to observe 

(b) Si 5+ 

Fig. 7 Optical microscope images obtained for 
samples irradiated by the ,micro beams of (a) H+ 
(1.7 Me V, fluence:l xJOL cm·2

, width: 20 ~m) 
and (b) Si5+ (18 Me V, fluence: I x 10 1 ~ 
cm·2

, width: 20 ~m). The RP represents a 
projected range. 

the refractive index change at the track of ions, 
while 10 14 cm·2 is enough for Si 5

+. This is due to 
the fact that energy deposition per unit lenpth is 
abont two orders of magnitude lower for H than 
for Si 5+. 

Figure 7 (a) shows that the refractive index 
change is inhomogeneous over the entire track of 
ions for H+ microbeam. Figure 7 (a) shows that 
the induced refractive index change is highest at 
the projected range by the 1.7-MeV H+ 
microbeam. Therefore, H~ micro beam is 
appropriate to induce a localized refractive index 
change at buried optical channel, such as the core 
of optical fibers. as previously reported for 
writing of long-period gratings [ 1]. On the other 
hand, the refractive index change by Si 5

i 

microbeam is localized at the surface with 
smaller lateral spread, as shown in Fig. 7 (b). 
This suggests a possibility of the heavy-ion 
microbeam for the writing of gratings on the 
surface of planar optical waveguides. 

4. SUMMARY 
Effects of H+ or Si 5

+ microbeam irradiation on 
silica glasses were investigated by an optical 
microscope, AFM, ~-Raman, and ~-PL 
measurements. 

The refractive index change in the 
micrometer-sized area scanned by ion microbeam 
is explained by internal compaction of silica 
glasses. Energy deposition by electronic stopping 
power is responsible for the compaction 
accompanied by the breaking of Si-0 bonds. 

Since the spatial distribution of radiation 
effects such as the compaction and resulting 
refractive index changes greatly differ between 
the 1.7 MeV H~ and 18 MeV Si 5+, proper choice 
of ion species is important to apply the ion 
microbeam to the direct writing of grating 
devices, depending on the forms of target 
waveguides such as optical fibers and planar 
circuits. 
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