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We report the first observation of optically written channel waveguides in ion implanted BisGe;O, (BGO). Raman spec-
troscopy has been used to investigate the changes occurring due to both the original ion implantation and the subscquent optical

writing of channel waveguides.

1. Introduction

The electro-optic crystal Bi,Ge;O,, (BGO), [11],
is known to form low loss waveguides when im-
planted with He™ ions, [2-5], and can readily be
doped with rare earth ions for laser applications,
[6,7]. These attributes have provided motivation for
the study of ion-implanted BGO waveguide lasers
[7]. Here we report on the unexpected observation
of optically written channel waveguides in ion-im-
planted BGO. This novel effect has been observed
and repeated many times in both rare-earth doped
and undoped BGO crystals. The ability to optically
write channel waveguides may have a significant im-
pact on the construction of complex waveguide
circuits.

In order to determine the physical structure of the
BGO waveguiding medium, both in the standard ion
implanted planar guides and the optically written
channel guides, extensive Raman scattering mea-
surements are undertaken. The use of a high reso-
lution Raman microprobe enables accurate compar-
isons of the structure of the bulk crystal and ion
implanted regions. From these comparisons evi-
dence of changes to the crystal structure upon ion

implantation are discussed and related to the unu-
sual refractive index properties of ton implanted
BGO. Furthermore, it is possible to usc the high in-
tensity laser light available with the Raman micro-
probe to optically write channel waveguides into the
ion implanted region. It is thus possible to study
changes in the Raman spectra of these channels us-
ing the same experimental set-up to both write and
probe the channels without the necessity to re-align
the sample. The effects of channel writing on the Ra-
man spectra of the BGO are thus reported on here
where it is guaranteed that the modified guiding re-
gion is probed.

2. Ion-implantation effects in BGO crystals

Implantation of He™" ions into dielectric crystals is
known to cause refractive index changes suitable for
the formation of planar optical waveguides, [8]. The
He™* ions travel through the crystal initially being
slowed by electronic excitation. The depth of this
‘electronic stopping region’ depends on the initial
energy of the ions. Nuclear collision events become
significant at the end of the ion track, the ‘nuclear
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stopping region’, when the ions have been slowed
sufficiently to deposit the last ~ 100 keV of their en-
ergy. Nuclear collisions lead most commonly to an
index reduction in the nuclear stopping region and
this is sometimes accompanied by an increase of in-
dex in the electronic stopping region. Both of these
effects can lead to optical confinement, with the
guided wave being confined predominantly in the
electronic stopping region. The crystal is generally
annealed after implantation to reduce the propaga-
tion loss by removing absorption associated with col-
our centres formed during the implant.

The BGO crystals used in these experiments were
implanted at 77 K with 4x 10" He* ionscm~* at an
energy of 1.5 McV, and were subsequently annealed
for 30 minutes at 200 °C. Such an implant produces
the refractive index profile shown in fig. la of ref.
[4], giving in this case an index increase of 0.9% in
the electron stopping region which rises to 2.0% in
the nuclear stopping region. These implant condi-
tions were selected to be appropriate for 1.064 pm
operation of a Nd:BGO wavcguide laser, [7]. The
rare-carth doping appeared to have no effect upon
cither the ion-implanted waveguide properties or the
optically written channel waveguides to be described
later.

A Raman scattering study was carried out on an
undoped ion-implanted BGO crystal. Figure 1a shows
the Raman spectrum of bulk crystalline BGO. The
spectrum shown was obtained using a micro-Raman
probe utilising a 514.5 nm argon laser line and ex-
citing an area of around 2 um” on the surface of the
BGO crystal scveral millimetres away from the ion
implanted region. The crystallographic orientation
of the sample was unknown but was kept constant
with respect to the incident laser direction and po-
larisation throughout the following measurements.
The spectrum shown in fig. la agrees well with that
given by Couzi ct al., [9], who have also assigned
mode vibrations to the various peaks.

To obtain the Raman spectrum from the wave-
guiding/ion implanted region of the BGO crystal the
sample was moved so that the polished end of the
waveguide was probed by the Raman system. This
alignment was achieved by observing the magnified
image of the end of the guide and manipulating the
sample until the probing laser light was launched into
the waveguide. The bulk Raman spectrum given in
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Fig. 1. (a) Raman spectrum of bulk BGO crystal excited with
a514.5nm Ar™ laser. (b) Raman spectrum taken under the same
cxperimental conditions as (a). but probing the waveguiding re-
gion of the ion-implanted BGO crystal.

fig. 1a was obtained by a coarse adjustment moving
the sample such that the laser probe was in the bulk
crystal. Figurc Ib shows the resultant Raman spec-
trum from the waveguiding region of the ion im-
planted BGO. From comparison of the spectra in fig.
la and fig. 1b it can be seen that a large background
with some broad peaks has arisen in the ion im-
planted region. As the probe light is being efticiently
coupled into the guide, the Raman spectra collected
will be from both the electronic and nuclear stopping
regions.

To elucidate the nature of the background evident
in fig. 1b the spectrum from the bulk BGO given in
fig. la was scaled so that the heights of the crystal
peaks matched the peak heights above background
observed in the spectrum from the ion implanted re-
gion. The scaled bulk Raman spectrum was then
subtracted from the Raman spectrum of the ion im-
planted region. The result is shown in fig. 2a and can
be compared to fig. 2b, the Raman spectrum of bulk
bismuth germanate glass with 60% GeO, 40% BiO, s,
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Fig. 2. (a) The result of subtracting the Raman spectra of the
bulk BGO, fig. la, from the Raman spectra from the ion im-
planted region. fig. b, having linearly scaled the bulk spectrum
so that the heights of the bulk crystalline peaks match the heights
of the crystal peaks, above background, seen in the Raman spec-
tra from the ion implanted region. (b) Raman spectrum of bulk
BGO glass with 40% Bi 60% Ge. taken from Miller et al. [9].

taken from Miller et al. [10]. Above 100 cm~"' the
two Raman spectra, from bulk bismuth germanate
glass and the background from the ion implanted
crystal, arc remarkably similar and differ only very
slightly in peak positions and widths, suggesting that
ion implantation and subsequent annealing has sub-
stantially amorphized the BGO crystal. The ten-
dency of the background Raman scattering, fig. 2a,
to increase below 100 cm~ ' rather than tend to zero,
as scen in the spectra of Miller et al., fig. 2b, is be-
cause Miller et al. have reduced their Raman spectra
to absolute zero [10] where as fig. 2a is uncorrected
at 300 K.

Amorphization on ion implantation, which has
been frequently demonstrated in ion implanted
semiconductors [11] and insulators [8], 1s not sur-
prising in itself and has been postulated as the mech-
anism for waveguide formation in a number of ion
implanted diclectric crystals showing refractive in-
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dex lowering at the end of the ion track, [8]. The
composition of the original BGO crystal (BiyGe;0,,)
equivalent to 57% BiO, 5 43% GeQ, is also known to
be within the stoichiometries capable of bulk glass
formation [12], although at the high concentration
extreme of BiO, ;. BGO i1s somewhat exceptional
since it shows a refractive index enhancement at the
end of the ion track, rather than the lowering nor-
mally associated with the rarefaction of a matrix on
amorphization. However, as indicated by Town-
send, [8], changes in the optical absorption or bond
polarisabilities of a material on amorphization can
cause an increase in the refractive index. Indeed, the
refractive index of bismuth/thallium lead/antimony
germanate glasses has been observed by Wood et al.
[13] to increase with movements of the ultra-violet
(uv) absorption edge to longer wavelengths. In bi-
nary bismuth germanate glass the uv absorption edge
is mainly defined by absorption in the bismuth from
the 'S, electronic level 1o *P, or *P, levels [ 14]. Bou-
lon ct al. have further demonstrated that the position
of the *P levels can vary by up to 4200cm~" ac-
cording to the local environment of the bismuth. We
expect that when crystalline BGO is amorphized on
ion implanted the local environment of the bismuth
will change drastically, thus changing the uv absorp-
tion edge and therefore enhancing the refractive
index.

To further study the effects of ion implantation on
the BGO crystal, and any effects on the crystalline
Raman features still evident in fig. 1b, further high
resolution Raman spectra were taken from the bulk
and guiding rcgions of the same ion implanted sam-
ple. To ensure that any peak shifts could be detected
the high resolution Raman spectra were taken using
the spectral coverage of a single CCD image thus
avoiding any mecchanical movement of the triple
grating spectrometer and ensuring the absence of any
backlash errors which are possible with a more stan-
dard single channel scanning spcctrometer. The total
spectral range of the high resolution spectra was
therefore limited by the spectral coverage of the CCD
detector, some 310cm~' at the wavelengths used
here.

The resultant high resolution Raman spectra from
the bulk BGO crystal and the waveguiding region are
shown in figs. 3a and 3b, respectively. The incident
and collection optics and position of the triple grat-

179



Volume 1, number 3

! i @
| ‘
1 ‘\
|
. | |
[l
bl
| b
N ©
@ @
€ |
o !l
£ 100 ")
2 [ |
] T g .
g S
wn —
| @
x”‘,»,‘bv"\"\f"‘u.ﬂm . ,JNL

| g ™
60 100 140 180 220 260 300 340 380
Frequency Shift (cm-1)

Fig. 3. High resolution Raman spectra of BGO in the bulk, (a).
and ion-implanted, (b), regions, excited with a 514.5nm Ar*
laser. (¢) is a subtraction of the bulk spectrum from the 1on im-
planted spectrum, having scaled the bulk spectrum so that the
heights of the crystal peaks match the crystal like peak heights,
above background, from the ion implanted region. Features
marked **’ are cosmic ray noise.

ing spectrometer remained unchanged between the
two spectra with the sample position the only vari-
able changed. Scaling the bulk Raman spectrum peak
heights to match those from the waveguide and sub-
tracting from the waveguide spectrum yields fig. 3c.
The subtraction reveals the amorphous background
noted above, together with an incomplete cancella-
tion of the crystalline peak wings, most clearly seen
in the 75cm~! peak. This indicates a significant
broadening of the crystalline Raman scattering com-
ponent within the waveguide. The asymmetry of the
difference spectrum around the original line centre
could be due to either asymmetric broadening of the
Raman line or a small frequency shift of the peak
Raman intensity. The dominant mechanism cannot
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be determined from this spectrum, although if a peak
shift is present it must certainly be less than ~ 1 ecm ™!
as any greater shift would be detectable from com-
paring the guide and bulk spectra.

The causes of the peak broadening shown in fig. 3¢
are unclear. The formation of microcrystals is a pos-
sible explanation of the peak broadening although in
ion-implanted GaAs this however, is associated with
both peak broadening and peak shifts, [11], the peak
shifts are dependent on the presence of a rapidly
varying phonon dispersion curve for the material,
[15], and thus microcrystals could be responsible for
the observed peak broadening in BGO if the phonon
dispersion curve in this material is flat.

3. Optical writing of channel waveguides

The observation of channel waveguide formation
by end-launching of a laser beam into a planar ion-
implanted BGO waveguide was an uncxpected ef-
fect. An argon-ion laser operating on all lines was end
launched into a Nd** doped BGO planar waveguide
and the output from the guide was focused onto a
beam profile analyzer, (Big Sky Software Corpora-
tion beamview analyser). At low pumps powers
( <30 mW) the output appears as in fig. 4a, showing
the expected wide gaussian shape resulting from the
beam e¢xpansion in the unguided (horizontal) plane.
The spot size (1/e® half-width of intensity) at the
output end of the waveguide is ~ 120 um. Figures
4b—f show how the output profile varies with in-
creasing power. Between 30 and 75 mW there is a
very dramatic narrowing of the profile in the hori-
zontal plane. Beyond this point the profile shows a
much slower narrowing up to powers of 350 mW,
Thus some self-focusing cffect appears to have taken
place effectively forming a channel waveguide with
an output spot size of ~ 10 pm. The spot size in the
vertical plane is unchanged. The index change caus-
ing this sclf-focusing appears to be pecrmanent as
shown in fig. 5. Here we compare the output profiles
with the same pump power (too low to form chan-
nels itself ), before and after channel fabrication. It
is also possible to move the launch position hori-
zontally along the waveguide and obscrve the output
profile change between planar and channel propa-
gation. An end launched HeNe beam also showed
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Fig. 4. Waveguide output profiles with increasing pump power;
350 mW.

channel propagation in the guides previously written
by the argon beam. Figure 5b shows that launching
into the channel with powers lower than that nec-
essary to create these guides gives output profiles with
low level side wings. This may be due to the fact that
we are launching with a circular spot when the mode
of the channel guide is actually much larger in the
horizontal plane than the vertical plane. We ob-
served similar effects in undoped ion-implanted BGO
waveguides but no effect occurred in the bulk crystal
(doped or undoped) up to pump powers of 3 W,
The observed effects were not consistent with pho-
torefractive damage (which can occur for certain
phases of the Bi,O;-GeO, system). To confirm this
the channel waveguide was illuminated with a strong
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white light source for 1 hour. There was no observed
effect upon the output profile (pumping at low
power) indicating that photorefractive damage is not
the cause of the channel formation. As the argon-ion
pump light is strongly absorbed by the BGO crystal
it is possible that the thermal load is causing the in-
dex change. This is consistent with the observation
that there was a much higher threshold for channel
formation when pumping with an R6G dye laser
tuned just off the strong 590nm Nd absorption
(~200mW) thanon it (~50mW).

By pumping at wavelengths tuned off the Nd ab-
sorption we were able to measure the transmission
(including both the propagation loss and launch ef-
ficiency) of the 5 mm long channels. At low powers
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Fig. 5. Waveguide output profiles before and after channel wave-
guide fabrication for a pump power of 30 mW.

the ordinary planar waveguide transmission was 60%.
At powers high enough to form channels the trans-
mission was 50% and virtually all the power was in
the narrowed profile. Launching low powers into the
alrcady formed channel guide still gave overall trans-
missions of 50% but now only half the power was
contained within the narrowed profile, the rest being
contained in the side wings.

Some initial trials were also carried out on writing
channels with a beam focused on the top surface of
the guide. The potential usefulness of the guides
would obviously be much enhanced if such a pro-
cedure were possible, allowing the writing of com-
plicated circuits including curved guides. By track-
ing the planar waveguide through the path of an
argon-ion beam we were able to write ‘lines” which
were visible to the eye under a microscope. However
as yet we have been unable to end-launch light into
these ‘lines’. An investigation to establish the appro-
priate pump power and spot size needed to create
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guides capable of supporting waveguide modes at the
required wavelengths is currently in progress.

We have conducted a Raman investigation of the
nature of the (end-launched) optically written wave-
guides. Again high resolution Raman spectra were
taken in the waveguide region, utilising the coverage
of a single CCD image. The first spectrum was taken
using the 488 nm Ar* laser line at low power,
(~30mW), the result is shown in fig. 6a and is
equivalent to fig. 3b which was taken with the
514.5nm Ar* line. Due to lack of availability of an
interference filter at 488 nm, plasma lines emitted
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Fig. 6. Raman spcctra of the ion-implanted region before, (a),
and after. (b), optically writing a channel waveguide, excited
with 30 mW of a 488 nm Ar* laser. Both (a) and (b) are plotted
on the same horizontal and vertical scales. (c¢) Direct subtrac-
tion of the Raman spectra before optically writing a guide (a)
from the spectra after optically guide writing (b), showin an in-
crease in the crystalline component of the Raman spectrum after
optically writing the channel guide. Features marked **' are cosmic
ray noise. Those marked ‘4" and appearing in (a) and (b) are
plasma lines from the Ar* laser. The subtraction means the lat-
ter do not appear in (c).
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from the argon laser appear, along with the Raman
spectra, in figs. 6a and 6b and arec marked witha "+’
sign. Immediately following the recording of the Ra-
man spectra of fig. 6a the lascr power was increased
to ~ 120 mW without moving the sample and thus
still probing the ion-implanted region. Following the
exposure to the higher power lascr, the light emerg-
ing from the wavcguide was observed to have be-
come spatially more confined, indicating the optical
writing of a channel waveguide as described earlier.
Following the writing of a waveguide the power of
the incident 488 nm laser light was reduced to the
same level as that before writing, ( ~30mW), and
another Raman spectrum recorded. The result is
shown in fig. 6b. Throughout this sequence the po-
sition of the sample and spectrometer remained un-
changed, thus ensuring the same area of the sample
was probed before, during and after guide writing.
The Raman spectrum after guide writing, shown
in fig. 6b, is on the same scale as fig. 6a and from
comparison of these two spectra it can be seen that
the magnitude of the sharp crystal peaks has in-
creased, whilst the amorphous background remains
constant. A subtraction of fig. 6a from fig. 6b with-
out scaling of either spectrum is shown in fig. 6¢. Fig.
6¢ clearly illustrates the increase in the crystalline
component of the Raman spectrum after optically
writing a channel waveguide in the ion implanted re-
gion of the BGO crystal. It is important to note that
the increase in the crystalline component of the spec-
tra is not merely due to a spreading of the mode fur-
ther into the crystal substrate when propagating in
the optically written channel, as no such change in
the vertical mode size was observed experimentally.
The increase of the crystalline component in the
Raman spectral would appear to indicate a change
of structure toward that of the original crystal prior
to ion implantation. However, if this were the case
one would assume the refractive index would return
toward that of the bulk crystal, i.c. decrease, but such
arefractive index decrease would not confine the light
to a channel waveguide. In order for the observed
confinement to occur the refractive index must be
increased on high power laser illumination. The ma-
terial must therefore either tend toward an cven
greater extreme of that caused by ion implantation
or form a new state. Both of these later suppositions
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seem to be in contradiction to the observed Raman
results.

4. Summary

We have demonstrated a method for creating op-
tically written channel waveguides in ion-implanted
BGO. Initial experiments have also been carried out
on ‘top-writing’ waveguides, which could lead to a
relatively simple mecthod for writing complicated
waveguide circuits and curved waveguides. This may
well have applications in integrated optics especially
as BGO is a (weak) electro-optic crystal. Channel
waveguide fabrication may also lcad to enhanced
performance of rare-carth doped ion-implanted BGO
waveguide lasers and amplifiers. Detailed Raman
spectroscopy measurements indicated some amor-
phization of the crystal due to the ion-implantation
and conversely an cnhanced crystal signal in the op-
tically written channels. However an cxplanation for
the necessary refractive index changes is not yet
availabile.
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