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Photowritten gratings in ion-exchanged glass waveguides
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The fabrication of an ion-exchanged waveguide beam deflector containing a photowritten grating is described.
The planar waveguide was fabricated by thermal K' exchange in a borosilicate glass. The grating was written
by photobleaching an absorption defect centered at 330 am, which was created by y-ray irradiation of the glass.
The bleaching was accomplished with the 351-nm line from an argon laser. The device achieved 35% deflection
efficiency at 633 nm, which corresponded to a grating with a photoinduced index change of 2.6 x 10-5. This is
to our knowledge the first demonstration of an ion-exchanged glass waveguide device containing a permanent
photowritten grating.

Grating-based waveguide devices find many applica-
tions, including directional coupling, signal filtering,
multiplexing, beam deflection, and distributed-
feedback lasing. Ion-exchanged glass waveguide
devices are particularly attractive because their
fabrication is relatively simple and inexpensive. Re-
cently, an ion-exchanged, single-longitudinal-mode,
distributed-Bragg-reflector waveguide laser was re-
ported.' In this laser, the waveguide was fabricated
by thermal Ag+-ion diffusion, and the Bragg reflector
was argon-ion milled into the glass through a
photoresist mask.

Index-modulation gratings are desirable over ion-
milled gratings because they can be written directly
and noninvasively into the entire waveguide core
without the need for photoresist masks. With this
type of grating, a refractive-index change of >10-1 in
the waveguide core should allow fabrication of useful
grating-based devices for integrated optics.

Index-modulation gratings can be written in glasses
with high-energy particle beams. In this technique,
the grating is written line by line with an electron,
ion, or neutron beam. The particle bombardment in-
duces a refractive-index change in the glass.2 Grat-
ings can also be written optically in photosensitive
glasses. In this case, the refractive-index changes
are induced by exposing the glass to an optical beam.3
This technique is particularly attractive because it
allows the use of simple holographic techniques to
write high-resolution uniform gratings. In addition,
if very high resolution is not required, the technique
can be easily used to write aperiodic gratings line by
line.

Gratings have been optically written in photo-
sensitive fibers. Line-by-line techniques have been
used to write gratings in Eu2+-doped fibers,4 and
holographic techniques have been used to write
gratings in Ge- and Ce'+-doped fibers.5' 6 In the
case of germanosilica fibers, refractive-index changes
as large as 10-3 have been achieved by photo-
bleaching an absorption band centered at 244 nm,
which has been attributed to a GeO defect center.
Photobleaching of this band leads to a refractive-
index change through the Kramers-Kronig relation.
With this principle, distributed Bragg-reflector fiber

lasers have been reported in Nd3+- and Er3+ -
doped germanosilica fibers.7' 8 More recently, Bragg
reflectors have been photowritten in germanosilica
planar waveguides fabricated by flame hydrolysis.9

Gratings have also been holographically written
in Eu3+- and Pr3+-doped bulk silicate glasses.10"'1
The permanent index changes reported were of the
order of 5 x 10-7, which is small for integrated-
optical devices. In addition, gratings have been
holographically written in bulk silicate glasses by
photobleaching radiation-induced absorption cen-
ters." Photoinduced index changes of <10-5 were
achieved by bleaching a radiation-induced absorption
band centered at 450 nm with the 488-nm line
from an argon laser. However, no grating-based
waveguide devices were reported.

In this Letter we report on the fabrication of a
K+-exchanged glass-waveguide beam deflector with
a permanent photowritten grating. This is to our
knowledge the first report of an optically written
grating in an ion-exchanged glass waveguide on
a planar substrate. The grating was fabricated
by photobleaching a radiation-induced absorption
band centered at 330 nm with the 351-nm line
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Fig. 1. Absorption spectrum for unirradiated and irra-
diated 970ANR glass; the sample thickness is 0.8 mm.
The doses are 0, 1, 10, and 100 Mrad for curves a-d,
respectively.
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Fig. 2. Photobleaching of a radiation-induced band in
970ANR glass. The sample thickness is 0.8 mm, and the
dose is 100 Mrad.

from a small-frame argon laser. The device had
a deflection efficiency of 35% at 633 nm, which
corresponded to a photoinduced index change of
2.6 x 10-i. This change was achieved with writing
intensities of 8 W/cm2 and exposure times of 30 min.
Photobleaching experiments on the irradiated glass
and device fabrication are described below.

The glass used was an aluminoborosilicate glass
from Corning (experimental melt 970ANR D-8-971).
The glass contained sodium, which allowed fabrica-
tion of waveguides by ion exchange. The low UV
absorption of the glass permitted the study of
radiation-induced defects down to 200 nm. Figure 1
shows the absorption spectrum for unirradiated and
y-ray (60Co source)-irradiated samples, as measured
in a Cary 2400 spectrometer. The irradiated sam-
ples showed an absorption band centered at 330 nm
with a FWHM of 100 nm. The absorption peak
increased with the radiation dose, showing no signs of
saturation with doses of up to 100 Mrad. We found
the absorption peak at 330 nm for the irradiated
970ANR glass to be larger than the absorption peak
at 450 nm for the irradiated silicate glass used in
Ref. 11. This suggests that a larger photoinduced
index change may be obtained in our glass than has
been reported in other silica glasses.

Photobleaching experiments were performed on the
irradiated 970ANR samples. Light from an argon
laser operating at 351 nm was focused onto the
sample, and the transmitted light was monitored.
Figure 2 shows the photobleaching of a 0.8-mm-
thick sample that was irradiated with a 100-Mrad
dose of y rays. The sample was bleached with a
250-mW beam focused to a 10-,tm waist for an
intensity of 300 kW/cm 2 . As the figure shows, a
0.4-60% transmittance change was achieved in just
60 s. This change corresponds to virtually complete
bleaching of the 100-Mrad absorption band shown in
Fig. 1.

The index change, Aneff, induced by photobleaching
can be calculated from the Kramers-Kronig relation
given by

Afleff(A) = 2.7f2 I Aa/A) dA',
2 jo 1 -(A, A)2 (1)

where P is the principal part of the integral, A is the
wavelength, and A aeff(A) is the effective change in
the absorption coefficient (m'1) of the defect, which
is given by

(L
i\ aeff (A) = (1/L) Xo A a(A, z)dz, (2)

where L is the sample thickness. Equation (2) takes
into account the fact that the bleaching beam is
strongly attenuated as it passes through the sample,
and thus bleaching does not occur uniformly in depth.
The change in the absorption coefficient can be re-
lated to the sample transmittance before and after
bleaching by

Tbl(A) = Tunbl(A)exp[Aaeff (A)L], (3)

where Tunbl(A) and Tbl(A) are the sample transmit-
tances before and after bleaching, respectively.

Equation (1) was used to calculate the index change
induced by completely bleaching the 100-Mrad curve
in Fig. 1. In this calculation, Aaeff(A) was modeled
as a Gaussian centered at 330 nm with a FWHM of
100 nm and a peak value of 8000 m'-. The results
suggest that index changes of 6 X 10-5 could be
induced at 633 nm. Such index changes are large
enough to make useful grating devices in waveguides.

The next step was to write gratings holographi-
cally in the y-ray-irradiated 970ANR samples and to
measure the photoinduced index changes. A 2-mm-
diameter beam from an I90-5 Coherent argon laser
operating at 351 nm in a single longitudinal mode
was split into two beams. The beams were then
recombined at the sample, forming a periodic inten-
sity pattern. The angle of incidence was kept small
(<3°) to ensure that the incident beams overlapped
throughout the sample thickness. The photowritten
grating was then probed at 488, 514, 633, 800, and
1060 nm. For small incidence angles, the diffraction
efficiency of the grating at the Bragg angle is given
by

77 = Sin21[7TL(Aneff/2)/A], (4)

where L is the sample thickness, A is the probe
wavelength, and Aneff is the effective photoinduced
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Fig. 3. Photoinduced index change in 970ANR glass.
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Fig. 4. Waveguide beam deflector.

index change (peak to peak), given by
L

Afneff(A) = (1/L) fo An(A, z)dz. (5)

The effective photoinduced index change was then
calculated by measuring the diffraction efficiency of
the grating and using Eq. (4).

Figure 3 shows the measured index changes at
several wavelengths for a grating written holograph-
ically with an intensity of 0.7 W/cm2 in each beam
and an exposure time of 60 min. The radiation dose
for the 130-CAm-thick sample was 100 Mrad. The
solid curve represents a Kramers-Kronig calculation,
where Aaeff(A) was modeled as a Gaussian centered
at 330 nm with a FWHM of 100 nm and a peak value
of 2500 m-'. The peak value was chosen to give the
best fit to the experimental data, and it represents a
third of the maximum value (8000 mn-). For these
parameters, Eq. (3) predicted a 33% transmittance
change at 351 nm, which agreed reasonably well with
the 40% change measured experimentally. These re-
sults show that the Kramers-Kronig model correctly
predicts the photoinduced index changes and that
these changes can be increased by a factor of 3 with
higher writing intensities or longer exposure times.

Annealing experiments were also performed on the
photowritten gratings. The samples were placed in
an oven and annealed for 1 h. After annealing, the
diffraction efficiency was remeasured. At 50°C, no
grating erasure was observed. However, a slight
decrease in the diffraction efficiency was noted at
100°C, with complete grating erasure at tempera-
tures of >150°C.

The fabrication of the beam deflector proceeded as
follows. A single-mode K'-exchanged planar wave-
guide was fabricated by immersing the substrate in
a molten potassium nitrate bath at 380°C for 1 h.
After the diffusion, a 500-nm-thick aluminum mask
with a period of 26.4 ,Am and 1-cm-long lines was
evaporated onto the waveguide surface with lift-off
lithography. The sample was then irradiated with
100 Mrad of y rays from a 60Co source. Finally, the
periodic pattern was transferred to the waveguide by
exposing the mask to a 140-mW beam from the UV
argon laser operating at 351 nm. The bleaching in-
tensity and exposure time were 8 W/cm' and 30 min,
respectively. After bleaching, the aluminum mask
was removed with aluminum etchant. Figure 4

shows a picture of the device. Light from a 5-mW
He-Ne laser was prism coupled into the waveguide,
and the diffracted light was prism coupled out. The
device achieved 35% deflection efficiency at 633 nm,
which corresponded to a photoinduced index change
of 2.6 x 10-, with L = 1 cm in Eq. (4).

In conclusion, we have demonstrated what is to our
knowledge the first ion-exchanged waveguide device
containing a permanent photowritten grating. The
grating was written by photobleaching a radiation-
induced absorption band centered at 330 nm with the
351-nm line from an argon laser. The beam deflector
achieved 35% diffraction efficiency at 633 nm, which
corresponded to a photoinduced index change of
2.6 x 10-5. This change was achieved with writing
intensities of 8 W/cm2 and writing times of 30 min.
Larger index changes and considerably shorter
exposure times are possible with higher writing
intensities. As a potential application, the 970ANR
glass used in this research could be doped with rare-
earth ions to make a distributed-Bragg-reflector ion-
exchanged waveguide laser. The grating reflector
would be written holographically with the 351-nm
line from an argon laser without any need for
frequency-doubled sources, as has been required for
writing gratings holographically in photosensitive
fibers.5' 6
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