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Ion-implantation-induced densification in silica-based glass for fabrication
of optical fiber gratings

Makoto Fujimaki,a) Yoshitaka Nishihara, and Yoshimichi Ohkib)

Department of Electrical, Electronics, and Computer Engineering, Waseda University, 3-4-1 Ohkubo,
Shinjuku-ku, Tokyo 169-8555, Japan

John L. Brebner and Sjoerd Roorda
Groupe de Recherche en Physique et Technologie des Couches Minces, Physics Department,
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Ion implantation induces a refractive index increase in silica-based glass, which is mainly due to
densification of the glass. The refractive index increase can be used to fabricate optical fiber gratings
that are formed with periodic refractive index modulation in the core of an optical fiber. In this
article, the generation mechanism of the densification has been investigated through measurements
of thickness changes of silica glass induced by proton and He21 ion implantation. Furthermore,
fabrication of the optical fiber grating using the refractive index increase has been demonstrated.
From the result, ideal implantation conditions to fabricate the gratings are discussed. ©2000
American Institute of Physics.@S0021-8979~00!03922-0#
-
d

on
to

th
v
a

a
e
in
a

fi
t-
g

d
ed

c

t
el
ca
in

ti-
o

e-
H

fi-

the
o-

n-

er
V
n
all
ion
ion
ari-
to

-
er-
re-

sifi-
b-

ca-
e-

ica

e
at

to
I. INTRODUCTION

Optical fiber gratings formed with periodic refractive in
dex changes in the core of an optical fiber have been use
various optical devices in optical fiber communicati
networks.1–3 The optical fiber gratings can be classified in
Bragg gratings1 and long-period gratings,2,3 depending on
their grating periodicity~L!. Bragg gratings haveL of less
than 1mm and reflect light whose wavelength satisfies
Bragg condition. Bragg gratings have been applied to wa
length selective mirrors, optical filters, dispersion elimin
tors, etc.4–8 Long-period gratings haveL of hundreds of mi-
crons and couple two copropagating fiber modes, which
applied to mode converters.9 Recently, coupling between th
guided fundamental mode to forward propagating cladd
modes by long-period gratings has been attracting much
tention as wavelength selective optical filters.2 The gratings
are also applicable for gain-flattening filters of Er-doped
ber amplifiers.10 In addition to such applications, these gra
ings can be used as sensors, since the length of the gratin
changed with temperature or strain, which can be detecte
monitoring the wavelength of reflected or transmitt
light.11,12

Currently, the optical fiber gratings are formed by refra
tive index changes induced by UV photon irradiation.1–3

Germanium-doped silica core fibers have been used for
material to fabricate the gratings, since the fibers have r
tively high photosensitivity among the currently used opti
fibers.13–16The maximum refractive index change induced
a typical Ge-doped silica glass is from 131025 to 1
31024. This value is quite high, compared with other op
cal fiber materials. However, a refractive index change

a!Present address: Optical Radiation Section, Electrotechnical Labora
1-1-4 Umezono, Tsukuba 305-8568, Japan.
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;131023 is required for fabricating high-performance d
vices. Therefore, photosensitization techniques, such as2

loading,17,18 have been developed. Photosensitive optical
bers, e.g., high Ge content optical fibers,19 have been also
used to fabricate the gratings. These facts indicate that
UV irradiation method is applicable only for specially ph
tosensitized optical fibers.

It is well known that a refractive index increase is i
duced by ion implantation in silica-based glasses.20–24 The
maximum index increase by ion implantation is of the ord
of 1022, which is much larger than that induced by U
photon irradiation.25–28Therefore, ion implantation can be a
effective method to fabricate optical fiber gratings in
kinds of silica-based optical fibers. To establish fabricat
conditions of high performance gratings, the generat
mechanism of the refractive index increase should be cl
fied. Since the refractive index increase is mainly due
densification of the glass,23,25–27we investigate the genera
tion mechanism of the densification in this article. Furth
more, fabrication of a long-period grating by use of the
fractive index increase is demonstrated.

II. EXPERIMENTAL PROCEDURE

The planar samples used for observation of the den
cation were commercially available high purity silica su
strates, Suprasil-2~Heraeus Amersil; OH content;1000
ppm! and ED-C~Nippon Silica Glass; OH content,1 ppm!.
The thickness of these samples was;1 mm. A Corning
SMF-28 single mode optical fiber was used for the fabri
tion of optical fiber gratings. The core of the fiber was G
doped silica glass of 97SiO2:3GeO2 and had a diameter of 9
mm. The core was embedded in a cladding of pure sil
glass with a diameter of 125mm.

These samples were implanted with protons and H21

ions. The 6 MV and the 1.7 MV tandem accelerators, both

ry,
4 © 2000 American Institute of Physics
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the University of Montreal, were used for the proton and
He ion implantation, respectively. Since the optical fib
gratings are formed with refractive index changes in the c
of an optical fiber, implanted ions should reach the co
Typical optical fibers have claddings with a thickness of;60
mm. Therefore, an acceleration energy of 2–3 MeV is
quired for protons and;10 MeV for He ions. Thus, we use
acceleration energies of the order of MeV in the present
periment. The ion implantation was performed in a vacu
of 1024 Pa at room temperature. The beam currents of
protons and the He ions were 150 and 100 nA/cm2, respec-
tively. Beam heating from these ion fluxes was observ
However, the sample temperature measured was alw
lower than 60 °C and thus the annealing effect by the
implantation is negligible.

Ion implantation induces a thickness change in sil
glass, which is due to the densification. Hence, steps
observed between the implanted and the nonimplanted
gions. To measure the thickness change, we implanted
into the sample partly covered with a metal mask and m
sured the step height (Dh) with a DEKTAK 3030 ST pro-
filometer, where the experimental error was610%. The re-
fractive index of the sample surface was measured by
Abbe refractometer at 589 nm with an experimental error
60.0002.

III. RESULTS

Figure 1 shows the dose~D! dependence ofDh induced
by the implantation with protons~open symbols! and He-
ions ~closed symbols!. The acceleration energy is indicate
in Fig. 1. From the results of the 1.4 MeV proton and the
MeV He-ion implantation into Suprasil-2, it was found th
Dh is proportional toD. As observed at the dose of
31015cm22, Dh observed on Suprasil-2 implanted with 5
MeV He ions is quite similar toDh observed on ED-C im-
planted with 5.0 MeV He ions, indicating thatDh scarcely
depends on the sample. TheDh induced by 1.0 MeV He ions
was much higher than that induced by 1.4 MeV protons

FIG. 1. Dose~D! dependence ofDh observed in Suprasil-2 irradiated wit
protons~s!, Suprasil-2 irradiated with He ions~d!, ED-C irradiated with
protons~n!, and ED-C irradiated with He ions~m!. Numbers next to the
symbols indicate the acceleration energy~MeV! of the ions.
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observed at the same dose. This result indicates that the
celeration energy itself is not a dominant factor of the de
sification.

Figure 2 shows the relation betweenDh shown in Fig. 1
andEn3D, whereEn ~keV/ion! is the energy deposited int
the sample by one ion through the atomic collision proce
The Dh is proportional toEn3D, and the proportionality
constant is independent of the acceleration energy, the
species, or the type of sample.

The refractive index of the Suprasil-2 was measured
fore and after the implantation of 5.0 MeV He ions to a do
of 131015cm22. The refractive index was not observed
increase at the surface of the as-implanted sample. Howe
when the sample thickness was mechanically thinned by
to ;25 mm after the ion implantation, a refractive inde
increase of 0.0035 was observed at that surface.

Figure 3 shows a photograph of the cross section o
proton-implanted optical fiber to a dose of 231015cm22 ob-
served by a conventional optical microscope. The prot
were irradiated from the upper side of the picture and th
acceleration energy was 2.4 MeV. The bright circle at
center is the light guided by the core of the optical fiber. T
bright arc across the fiber seen at the depth of;60 mm from

FIG. 2. Relation betweenEn3D andDh. Symbols are the same as those
Fig. 1.

FIG. 3. Photograph of the cross section of an optical fiber implanted w
231015 cm22, 2.4 MeV protons, observed by a conventional optical mic
scope. Upper side was exposed to the protons.
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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the surface of the optical fiber is the region where the
planted protons induced a significant refractive index
crease. Here, the depth of;60 mm coincides well with the
projected range of the 2.4 MeV protons.

Fabrication of a long-period optical fiber grating w
performed by use of the refractive index increase with
MeV proton implantation to a dose of 231015cm22. Figure
4 shows a schematic of the alignment of the fabrication s
tem. The optical fiber was implanted by protons through
metal amplitude mask that had a 66 period grating with a
mm pitch and a 150mm spacing. The transmission loss spe
trum of the fabricated long-period grating is shown in Fig.
A very sharp loss peak at 1300 nm is observed, indica
that the fabricated grating worked as a wavelength selec
optical filter.

IV. DISCUSSION

Implanted ions lose their energy through two major e
ergy deposition processes, electronic excitation and ato
collision. As shown in Fig. 2,Dh is proportional toEn

3D, and the proportionality constant is independent of
implanted ion and the acceleration energy. This means
En and D govern the densification, i.e., the densification
induced by atomic collisions.

In the case of MeV ion implantation, the energy depo
ited by the electronic excitation process is much larger t
the energy deposited by the atomic collision process. He

FIG. 4. Schematic of the alignment of the mask and the fiber for the fa
cation of the optical fiber grating.

FIG. 5. Transmission loss spectrum of the long-period optical fiber gra
fabricated by proton implantation.
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the electronic excitation process could affect the densifi
tion. However, the densification observed in the present
periment is clearly explained by the atomic collision mod
as shown in Fig. 2. This fact indicates that the contribution
the electronic excitation process to the densification w
smaller than the measurement limit. As shown in Fig. 1,Dh
induced by 1.0 MeV He ions at a dose of 131015cm22 is 6
times higher thanDh induced by 1.4 MeV protons at th
same dose. Here, the energy into electronic excitation p
cess by 1.0 MeV He ions is smaller than that by 1.4 M
protons. This result also indicates that the contribution of
electronic excitation process is quite small.

The mechanism of ion-implantation induced densific
tion has been researched with surface stress measurem
and it has been reported that densification of silica glass
duced by ion implantation is mainly due to atom
collisions.21,26,29Here, we have deduced the same conclus
from the direct densification measurement, which gives
strong validity to the previous reports. It has been also
ported that the densification is scarcely affected by OH c
tent and metal impurities.21 As seen in Figs. 1 and 2,Dh is
independent of the sample, which is also comparable w
the previous report.

As shown in Fig. 3, the ion-implantation induced refra
tive index increase occurs around the projected range of
implanted ions. Similar depth profile of the induced refra
tive index increase has been reported.22,23,30 Since the ion-
implantation induced refractive index increase is mainly d
to the densification of silica glass and the densification
induced by atomic collisions as mentioned above, the de
profile of the refractive index increase should be similar
that of the energy deposited by atomic collisions. The atom
collisions occur mainly around the depth where the ions st
The observed depth profile thus confirms the atomic collis
model. Through the refractive index measurement, it w
found that a refractive index increase of at least 0.0035 w
induced by 5.0 MeV He ion implantation to a dose of
31015cm22, which is quite sufficient to fabricate optica
fiber gratings.

Since heavier ions have a largerEn , they induce a
higher refractive index increase with a smaller dose. The
fore, heavier ions could be effective for the fabrication of t
optical fiber gratings. However, much larger acceleration
ergy is required for the heavier ions to reach a core of
optical fiber. Table I summarizes the acceleration energy
several ion species required to obtain a projected range o

i-

g

TABLE I. Acceleration energy for several ion species required to obtain
mm projected range in silica glass.En’s and lateral straggling of the ion
species under the acceleration energy are also summarized.

Ion
Acceleration energy

~MeV!
En

~keV/ion!
Lateral straggling

~mm!

Proton 2.4 1.8 2.6
He 9.4 1.6310 1.4
N 6.1310 1.33102 8.331021

O 7.4310 1.63102 8.031021

Si 1.63102 5.13102 7.531021

Ge 4.63102 2.63103 7.431021
license or copyright; see http://jap.aip.org/about/rights_and_permissions
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mm in silica glass calculated with a Monte Carlo simulati
package calledTRIM. The En’s of the ion species under th
acceleration energy are also indicated in Table I.

As shown in Fig. 5, ion implantation is clearly appl
cable for the fabrication of long-period gratings. Howev
many small loss peaks and a high background loss of;4 dB
are also seen in Fig. 5. The structures of the loss spec
are considered to be due to the arc shape of the refrac
index increase, which forces the guided fundamental mod
couple not only to the symmetric cladding modes but also
asymmetric ones. The transmission loss structure is unfa
able for the fabrication of narrow band optical filters, while
can be advantageous for the fabrication of gain flatten
filters of Er-doped optical fiber amplifiers. The backgrou
loss can be reduced by erasing the refractive index incre
in the cladding. A mask with a narrow spacing, throu
which ions are implanted only in the core of an optical fib
might be suitable for the fabrication of narrow band optic
filters.

The ion implantation method can be applied for the fa
rication of Bragg gratings. However, since the grating pe
odicity is less than 1mm, lateral straggling of implanted ion
should be taken into account. As indicated in Table I,
lateral straggling of 2.4 MeV protons is 2.6mm. Therefore, it
is impossible to fabricate gratings with periods of less tha
mm. As shown in Table I, heavier ions show smaller late
straggling. Therefore, heavier ions would be effective for
fabrication of Bragg gratings. Smaller acceleration ene
yields smaller lateral straggling. Hence, optical fibers or p
nar waveguides with thinner claddings are suitable for
fabrication of Bragg gratings by ion implantation.

V. CONCLUSION

The acceleration energy dependence and dose de
dence of ion-implantation-induced thickness changes
silica glass were examined. It was found that the thickn
change was proportional to the dose and to the depos
energy by the atomic collision process. From the result, i
concluded that the densification of silica glass, which cau
the refractive index increase, is induced by atomic collisio
Furthermore, successful fabrication of optical fiber gratin
using the index increase was demonstrated. This me
makes it possible to fabricate optical fiber gratings in silic
based optical fibers that are not photosensitive.
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