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Abstract: Channel waveguides were directly written in Er:OJ&,0; glass using
11 MeV C"ion microbeam with fluences in the range of 1*105-10° ion/cnf. The
channel waveguides supported a single guided mbie 4540 nm. Propagation losses
of the as-irradiated channel waveguides were arduhdiB/cm. A 30-minute thermal
annealing at 150 °C in air reduced propagatiore®sdl. = 1400 nm to 1.5 dB/cm. This
method produced channel waveguides with confinemamd propagation losses
comparable to or better than other current methagsh) as MeV energy focused proton
or helium ion beam writing.
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1. Introduction

Optical waveguides are fundamental elements in modecommunications systems. A large number of
optical crystals and glasses were identified ataBl& optoelectronic materials. However, fabricatod
waveguides in some of these materials remainsastilallenge due to their susceptibility to mecbtalni
or chemical damages during processing. lon beartaimtgtion is able to modify the optical propertids
optical materials, such as polymers, glasses aystats. Numerous practical applications exist, e.g.
waveguides, special coatings, optical confinemérstemiconductor lasers, impurity additions for tagi
regions, fabrication of nonlinear optical elemeatsgd production of photochromic layers [1], [2].5Bd

on their atomic number, the ions used in the ioplamtation process fall into two main categorigghtl
and heavy ions. Light ions like "Hand Hé with relatively low energies have been used todpce
optical waveguides in different materials by ionplantation from the beginning until recently [3][5
The first ion implanted waveguides were producedblginelleret al. by proton implantation into fused
silica glass in 1968 [6]. In this case, the maintdbution to the formation of the guiding strucuis



generated by the nuclear damage produced by ingoimms during their track through the material.
Together with light ions, medium and high-mass iires: Li*, B", C', N*, O", Na, Ar", Bi*) were also
used to modify the properties of materials [7]-[11] particular, if their energy is greater than 1
MeV/amu, these ions are referred to as “swift he§®ly

When mass and energy of the implanted ion are flosmnation of adequate refractive index changes for
waveguide fabrication requires relatively high fiaies, in the 18 - 10" ions/cnf range.

However, with higher ion mass and energy, the redufluence is at least an order of magnitude lower
because the electronic interaction becomes highginto change the optical properties of the mdteria

First studies on the effects of swift heavy iomdliation on the optical properties of materialedsck to
the 1990’s [12].

Fabrication of slab waveguides with swift heavy ametlium-light ions has been demonstrated in crystal
and glasses alike. The refractive index change atkdd fabricate an optical waveguide has been
produced either by the electronic interaction betw#he ions and the target atoms or by the creafian
optical barrier at the stopping range of the idt® | [17].

In order to obtain channel waveguides by ion im@tan, the needed patterning by selection of the
irradiated area can obtained either by maskingyanicrobeam direct writing.

Vazquez et al. followed the former approach andaiokd channel waveguides by carbon ions
implantation in a soda lime EfYb® doped glass [18]. Due their interest to upconeersithey
demonstrated propagation only in the visible spéatterval.

Since the development of ion microbeam facilititacned to accelerators, proton microbeams have bee
used for producing channel waveguides and otheromjitical elements in organic and inorganic optical
materials [19]-[22]. Microbeam techniques offer thdvantage of not needing the use of masks, thus
significantly reducing the necessary steps to abtaiwaveguide. Even more importantly, they add
flexibility to the fabrication of components, siniceorder to test different design parameters rditihal
photolithographic masks have to be produced angltbel maskless direct writing procedure is required
Roberts and von Bibra tested their focused pro&ambwritten buried channel waveguides in fusedssili
at visible wavelengths, obtaining propagation lessé about 0.5 dB/cm &=632.8 nm in their best
channel waveguide [19]. Bettiol et al. fabricateni®éd channel waveguides in a Foturan™ photosegasiti
glass using 2 MeV focused proton beam. They acHie/8 dB/cm minimum propagation losses at
A=632.8 nm for a fluence of Dprotons/crA [20]. The same group produced erbium-doped wadegui
amplifiers (EDWAS) in an I0G-1 Phosphate laser gjla®-doped with Er and Yb ions, via direct writing
with a 2 MeV proton microbeam [21]. The best praam loss they obtained after thermal annealing
was around 0.8 dB/cm at=1300 nm, and highest net gain was 1.72 dB/cmsuored at\ =1534 nm
with a pump beam at 975 nm. An et al. fabricateahdel waveguides with proton beam implantation in
chalcogenide glasses with 4*300' cn? fluences and reaching 2 dB/cm propagation loss29&4 nm
[22]. Yao et al. fabricated a Nd: YAG channel wavielg laser using also direct writing with a 1 MeV
proton microbeam [23]. The losses of their chamreleguides were approximately 4 dB/cm.

Besides the above-mentioned previous art and basedir experience in fabrication/characterisatibn o
planar waveguides in optical materials [24]-[26], this paper we demonstrate the feasibility of
fabricating channel waveguides in rare earth tergtllurite glass directly by heavy ions microbeam
implantation. We have assessed their main guidegagation and structural characteristics also as a
function of a thermal annealing process.

The advantages and the novelty of the proposedadette to be found in the ease and simplicity ef th
writing process, which does not require any intetiaie photolithographic step and/or the use of any
mask, as well as in the reduction of the irradiatime (i.e.: that of a final device production éjrthanks

to the higher energy and low fluence values mad@able by a modern Tandetron.

The channel waveguides so obtained are single rabtlee telecom C band and the propagation losses
are comparable to or better than other current ogisthsuch as MeV energy focused proton or helium io
beam writing. The achievement of this importanutesepresents the starting point for the develaptme



of any integrated device by swift heavy ion§*(®©ns in our case) microbeam technique.

Experiments and results

Er* doped tellurite glass with 60TeQ5W0,;-15N30-0.5E60; (mol. %) composition was prepared by
melt-quenching technique [26]. Fabrication of thermmnel waveguides was carried out at the 3 MV
Tandetron 4130 MC (High Voltage Engineering Eur@¥.) of the Nuclear Physics Institute AV CR,
ReZ. Channel waveguides were directly written in shenple with a microbeam of 11 MeV'Qons.
Beam current was in the 4-6 nA range. The microbsiae for the channel waveguides was 8 pm x 12
pm, the shorter side being the width of the chamvaleguides. Channel waveguides were written by
scanning the target stage under the stationaryolvéam. Irradiated fluence was controlled by the
velocity of the stage scan. The length of the ckbwaveguides was 9 mm. Irradiated fluences ranged
from 1-10% to 5- 18° ions/cnd.

Nuclear and electronic energy losses vs. samplthdegre calculated using the DEPTH code [28] and
the ZBL'95 set of stopping powers [29]. The resalts presented in Fig. 1. Energy loss due to e@leictr
interaction increases slowly until reaching a maximat 3.8 um then decreases more rapidly. Energy
loss produced by nuclear interaction has a shaak p£6.9 um. We point out that the maximum of the
electronic energy loss is about 15 times highen tiet of the nuclear one. According to the models
developed by Olivares et al. [17], irradiation wahvift heavy ions of low fluence creates a partiall
amorphised layer with reduced refractive index atbthe broad peak of the electronic loss, actingras
optical barrier and allowing for guiding of lighetween that layer and the substrate surface.

The irradiated channel waveguides were first exathiny interference phase contrast (INTERPHAKO)
microscopy to assess in particular the homogertditye fabricated structures. In Fig. 2 we repbd t
image of portion of four channel waveguides.

The ability of propagating modes of each channelegaide was tested at= 1540 nm and insertion
losses were measured at 1400 nm, outside the aiosoipand of EY' [30]. The bottom channel
waveguide in Fig. 2 proved to be the best one. Quymnd propagation losses were assessed by
measuring the light intensity at the exit edgehef taveguides by following a well-established pcare

as described in detail in [31], [32].

Measured as-implanted, net propagation losses lothal channel waveguides were in the range
14-20 dB/cm. The channel waveguide irradiated aiftuence of 4.6- #¢ ion/cnt presented the lowest
propagation loss, 14 dB/cm. These high losses wmalke the as-implanted channel waveguides useless
for practical purposes.

Based on our previous experiences with ion-impthrglab waveguides in the same material [33], we
applied stepwise thermal annealing to the sampid, rmeasured the propagation losses of the best
as-implanted waveguide after each annealing step.

Results of a stepwise thermal annealing sequemdbddest waveguide (lowermost waveguide in Fig. 2
are presented in Fig. 3.

A moderate 30 minutes thermal annealing at 150rf@ii caused a significant improvement of the
guiding properties of the channel waveguide. Asit be seen in Fig. 3, propagation losses meastired
A = 1400 nm were 14 dB/cm in the as-implanted chlawageguide. They decreased to 1.5 dB/cm after
the 150 °C thermal annealing. Further stepwisembemnnealing up to 300 °C resulted in increasing
propagation losses, though an improvement in cogpgbsses was measured after the annealing step at
200 °C. The latter accounted for the improvementirfertion losses to their minimum value at
200-250 °C. Further increase of the annealing teatpee caused a general worsening of the guiding
capability of the waveguide, also testified by iherease in the horizontal dimension of the guidexie

for the annealing at 300 °C, other than the higloaipling and propagation losses.

Near field image of the emerging beam at the oufpoé of that channel waveguide after a thermal
annealing step at 150 °C is shown in Fig. 4. Thagenhas been captured by focusing with a 10X
microscope objective the output light beam gendrate an Anritsu Reference ES ECL tuneable laser



source (1400 nm, 4 mW CW) on the sensor of a CH¥)amatsu Vidicon camera. The data have been
corrected against the nonlinear response of thearihe waveguide is monomode in both transversal
directions, but the mode extends well beyond th@meased transversal physical dimensions of the
waveguide.

Fig. 5 shows the mode dimensions measured fromehefield images (jhx/€” intensity threshold yax
being the maximum intensity of the mode). The meddth does not vary significantly with the
temperature, until the 300 °C annealing step, wiienmode structure deteriorates significantly. The
estimated depth of the waveguides shows a slight@se when successive annealing steps are applied.

While propagation losses could be reduced by thieamaealing, and depth confinement of the focused
ion beam written channel waveguides was good, & maticed that lateral confinement in the channel
was not optimal, because of the small refractiveincontrast between the waveguide core and the not
implanted bulk material at both sides. This is risason for the significant difference between tlozlen
diameter and the physical dimension of the beamitarichpact on the glass structure, as measured als
by our Raman measurements.

Besides of transmission optical microscopy, thebheam written channel waveguides were also studied
by profilometry (Bruker Dektak XT, tip radius: |sm) to check for possible surface relief structures.
Surface profiles over three channel waveguidesntalfeer the stepwise thermal annealing are shown in
Fig. 6. Amplitudes of the ridges are about 110 onttie bottom channel in Fig. 2 (F=4.6 *41i@n/cnT)

and about 70 — 80 nm for the two channels abogfe=it.4 - 1&* ion/cnt for both). Note the presence of
two deep and narrow trenches on both sides of ¢dkterh channel waveguide. They can be attributed to
the strain caused by the high temperature differeriche edge of channel waveguide during irraahati
[34-36].

The heights of the ridges are too small to suplmgit propagation by themselves, which must therefo
be ascribed to the refractive index changes inducé#tke glass by the ion irradiation.

To obtain information on the structural changesipoed by the ion microbeam irradiation in the clenn
waveguides, micro Raman spectroscopy was performméd a Renishaw 1000 micro Raman
spectrometer. Excitation wavelength was 785 nmhBoll width at half-maximum (FWHM) and peak
position of the Raman lines changed in the irradiaegions. Full width at half maximum (FWHM) of a
922.3 cmt Raman line across two channel waveguides, irradiafith a carbon microbeam of E=1 MeV
at fluences of 4.6- bion/cnt (implanted and annealed) is presented in Fig. 7.

The decrease in FWHM of the Raman peak in theiated region indicates transformation and some
ordering of the glassy network.

Peak position of the 922.3 éniRaman line across the same channel waveguide ls@extracted from
the Raman spectra. Raman peak positions are usaffdigted by the internal stress of the structure,
causing bond length and bond angle distortionshétignternal stress causes shift of the Raman fmeak
higher wavenumbers. It was found that amplitudéhefvariation of the peak position of the Ramae lin
across the channel waveguide was about 1.1 cm

2. Conclusions

A novel method, i.e. direct writing with high-engrépcused microbeam of medium-mass ions at low
fluences, has been devised and realized for thecédion of optical channel waveguides. The lowest
propagation loss in a Erdoped tungsten-tellurite glass waveguide, measatradvavelength of 1400 nm
after a 30 minute thermal annealing at 150 °C, W#&s dB/cm. Due to the predominant electronic
interaction, a fluence of 4.6-f0on/cnf, more than an order of magnitude lower than treggalied in
low-energy implantation, was sufficient for effegtiwaveguide formation. The channel waveguides were
formed immediately below the sample surface, intremt to proton beam writing where deeply buried
channel waveguides can be produced. The surfaddopretry measurements revealed that ridges of
amplitudes between 70 and 100 nm were formed ath@vehannel waveguides

The low losses of the fabricated waveguides opemudle of this technique to test the fabricatioplahar



guided optical amplifiers and lasers in materiaishsas tellurite glasses where it can be diffitoltse
other techniques such as ion-exchange.
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Captions

Fig. 1. Electronic (dots) and nuclear (trianglesgrgy loss vs. depth in an Er:tungsten-telluritasgl
irradiated with 11 MeV € ions. Note that nuclear energy loss was multiphgdl0 for better
visibility.

Fig. 2. Interference phase contrast micro photseaftions of four channel waveguides written in the
Er:tungsten-tellurite glass with a focused beanmlbfMeV C" ions. Irradiated fluence of the
lowermost channel was 4.6 @n/cn?, and 1.4- 18 ion/cnf for the others.

Fig. 3. Propagation, insertion and coupling loseestemperature of the 30-minute stepwise annealing
step measured at= 1400 nm in a 9 mm long channel waveguide writtith a 11 MeV C' ion
microbeam at a fluence of 4.6*4@n/cnt. The lines are only an aid to the eye.

Fig. 4. Micro photo of the mode profile of the txbtchannel waveguide. Irradiated fluence was
4.6 -16*ion/cnf. Annealing 150 °C, 30 minutes. Measurement waopeed at. = 1400 nm.

Fig. 5. Dimension of the guided mode as a functimf the annealing temperature.
Fluence = 4.6- fion/cnf.

Fig. 6. Surface profile of three channel waveguidfter stepwise thermal annealing up to 300 °C. E=
11 MeV. Irradiated fluences from left to right: 1:4103* ion/cnf, 1.4 - 18 ion/cnf and
4.6 - 1&*ion/cnf.

Fig. 7. Full width at half maximum of the 922.3 tiRaman line across a channel waveguide, irradiated
with a carbon microbeam of E= 11 MeV at a fluentd.6 - 16°ion/cnt and annealed thermally.
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Highlights

Optical channel waveguides produced by C** ion microbeam.

e Swift heavy ions produce waveguides with fluences lower than those required with low energy
ions— shorter irradiation times.

e Use of ion microbeam allows direct writing of channel waveguides — no need of photolithograpy.
e Annealing process decreases propagation losses to 1.5 dB/cm at 1400 nm.
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