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Erbium-doped waveguide amplifiers fabricated using focused proton
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Buried channel waveguides were fabricated if'ErYb®" codoped phosphate glasses using
focused proton beam writing. Proton ion doses in the range Y&1@'"° ions/cn? and 2.0 MeV

energy were used. The waveguides were locategki®8below the substrate surface and are in
excellent agreement with the transport and range of ions in matter simulation. The waveguide
properties were measured, and the fluorescence spectra and optical gain of the waveguides were
characterized. The maximum net gain of the waveguide amplifiers at uBB4dvavelength was
measured to be-1.72 dB/cm with 100 mW pump power at 975 nm wavelength. 2@4 American

Institute of Physics.[DOI: 10.1063/1.1644922

Erbium-doped waveguide amplifiers have attractedrange of 1&*— 10 ions/cnf and 2.0 MeV, respectively. The
much attention recently for use in the 1&n wavelength \aveguide end face was measured using a tapping mode
range, because of their pqtential to be int_egrated With PUMBtomic force microscopéAFM) to assess the region modi-
lasers and other waveguide devices. Different fabricatioRieq after writing and before thermal annealing. The photo-

. . _ 3
t?chnlqueshsuchdashmn_ eTchar’rgEfésputtgnngz,fsoltgel, luminescence properties and the optical gain of the wave-
plasma-enhanced chemical vapor depositiand femtosec- uide amplifiers were also characterized.

ond laser pulse$have been used to make these Er—dopecig The substrates used were phosphate glasses codoped

\g/i?f\éfgﬁt'd?o??gce;ﬁﬁsC?J(:Iﬁggd’O?Iﬁﬁ:gntv\tgszgﬂlézz IeaEdr_tvc\)/ith different value of Er and Yb ion&ubstrate B: 2.3 wt %

implanted AbO; waveguide amplifiers have also been re-Er203, 3.6 wt% YhOs; substrate A 4.0 wt% B0, 3.0

ported, and their net gain was 0.58 dB/cm with 9 mW pumpwt% Yb,03). The bulk glasses_ were cut into sllic.:es of 10.0
%X 8.0 mn?t and were edge polished before writing. In fo-

power at 1.48um wavelengtt?. lon beam irradiation has also rels h -

various types of particles have been used, such as protor@f the phosphate glasses along the irradiated pathiaysd
helium and other ion§The density and hence the refractive buried channel waveguides form. PBW was carried out using
index of the material change accordingly. the proton beam writer facility at the Center for lon Beam
Work on planar waveguide fabrication using focusedApplications, National University of Singapot@ Figure 1
high energy proton (H) beam direct writing is mainly re-
stricted to passive materials, such as fused Siliral poly-
methylmethacrylate(PMMA).g Optical waveguides fabri-
cated by proton beam irradiation in fused silica and by Focused Proton Beam
femtosecond laser pulses in phosphate glasses have been ~1pm wide at 2.0MeV .
characterized in the visible wavelength offly! Although
mode profiles of proton beam irradiated waveguides in fused

12pum

silica operating at 1.5um wavelength were studied after- Stage

wards, the focus was on the passive waveguiding effect, Scanning |

and no investigations of active waveguides using focused Direction

proton beam writing(PBW) have been reported. Several / o

studies have been carried out on the optical effects in He ‘,{'f'-'- s o

implanted E?*—Yb®" codoped phosphate glas$é<? how- Waveguide "'

ever, the spectroscopic properties and gain characteristics of Region —_,) ’ Glass

active waveguides were not mentioned. s © Substrate
In this letter, we report on the use of focused PBW to . p

fabricate buried channel waveguides it £+ Yb*" codoped ;:tf:g::: FenEg

phosphate glasses. The ion doses and energy used were in the

FIG. 1. Schematic diagram of the focused PBW fabrication process. A com-
bination of stage scanning and magnetic scanning was used to write the
¥Electronic mail: eeeybpun@cityu.edu.hk waveguides.
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FIG. 2. Contour plots at the end face of a PBW waveguiida dose~2  FIG. 4. Fluorescence and ASE spectra of bulk glasses and PBW
X 10% ions/cnt). Eight contour levels are used, and each is spacgd® waveguides.
nm.

AFM image, the horizontal size of the waveguide core is
shows schematically the optical waveguide fabrication proestimated to be-8 um, which is attributed to the magnetic
cess. A 2.0 MeV proton beam with ion doses in the range 0kcan size of-5 um, the beam spot size of1 um and lateral
10'*-10 ions/cnf and focus spot size of 1 um were used  straggling of~1.6 um [transport and range of ions in matter
to produce the direct-write buried waveguides. The inset ir‘(TR,M) simulations. The vertical dimension of the wave-
Fig. 1 depicts an elliptical mode profile of the Waveguideguide is due to the Bragg peak.
measured at 155m Wavelength in substrate A USing end- Figure 3 showsTRIM simulations of the oxygen and
fire coupling. The ion dose used was 20" ions/cnf. phosphorus vacancies as a function of the penetration depth

Postannealing experiments were carried out to decreasg the glasses. High energy protons cause impact damage in
propagation loss. Defects from both electronic and nucleaghe form of phosphorus and oxygen vacancies at the end of
interaction of the incident ions and substrate atoms argyn penetration, which increases the refractive index to some
reduced.’ The waveguides were annealed between 150 anglegree and hence the waveguiding effect. From the simula-
400°C for 0.5 h, and propagation losses before and aftefon, the protons are estimated to penetrate 3817 below
annealing were determined from insertion loss measuremenge substrate surfadé.Channel waveguides &m wide,
by subtracting Fresnel losses and input coupling losses at 1 Reasured experimentally, were locate@8 um below the
um. The experiment was carried out at Jufh in order to  syrface, and this is in excellent agreement with timem
avoid strong Et* absorption at 1.5um. The small signal simulation results.
gain at 1.534um was measured by pumping the waveguide  Figure 4 compares an ASE spectrum of the optical
with a 975 nm laser diode. The input signal source was gyaveguides and a fluorescence spectrum of bulk glasses
HP8161A tunable laser, and a 980 nm/1550 nm wavelengtisybstrate A Each spectrum is similar to the other, indicat-
division multiplexing coupler was used to combine both thejng that the spectroscopic property of bulk glass is unaffected
signal and pump light. An optical spectrum analyzer waspy the waveguide fabrication process. The peak wavelength
used to record the optical gain and the amplified spontaneoys ground 1.534um, and is due to the transition 6f;3, to
emission(ASE) spectrun. the %l 5, level in ERT. The full width at half maximum

Figure 2 shows contour lines of swelling at the wave-(FEWHM) is ~45 nm. The FWHM measured is consistent
guide end face profiled using an AFM, with the lateral dis-with the value of fluorophosphate glasses, but far larger than
tance of the waveguide aligned parallel to the slow scan axighose measured in Er-doped Ge—P silicate glass€sA
of the AFM. The AFM image was also flattened using asjmilar result was also obtained for substrate B. Table |
low-order polynomial fit. Pear shape volume dilatation is 0b-shows a comparison of the measured small signal optical
served, and maximum surface swelling of 23 nm is obtainegyain in the waveguide amplifiers fabricated using different
for an ion dose of X 10" ions/cnf at 2.0 MeV. From the ion doses. The input signal power weas-25 dBm and the

4.0 — Oxygen TABLE I. Net gain of PBW waveguide amplifiers fabricated using different
;23 - - - Phosphorus ion doses.
32 5] Net gain of Net gain of
8 ' lon dose substrate A substrate B
'S 201 (ions/cnf) (dB/cm) (dB/cm)
C 1.5 "
S 10 4x 10t 0.24 0.52
© 5x 10 0.44 0.86
> 05 6x 10 0.91 1.27
0.0 o - S 7x10% 1.24 1.54
0 5 10 15 20 25 30 35 40 45 8x 10M 145 1.72
Depth (um) 9x10% 1.33 1.65
1x101% 1.25 1.51
FIG. 3. Distribution of oxygen and phosphorus vacancies in phosphate 2x10'% 1.16 1.38
glasses as a function of the penetration depth using simulation. The 3x10% 0.75 1.00

proton energy used is 2.0 MeV.
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pump power used was 100 mW. When the ion dose is lowsatility in the fabrication of optical devices and circuits. Fur-
the optical gain is also low. For low ion dose, the change inther work is currently in progress on investigation of the
refractive index is too small to support a well confined opti- postannealed waveguide end faces using an AFM and recov-
cal mode at 1.5um wavelength. At very high ion dose the ery of the refractive index profile of the waveguides using
gain is also low. This is because the refractive index changthe propagation-mode near-field method, which will give us
in PBW waveguides is strongly ion dose dependent. A lowa better understanding of the waveguide formation mecha-
ion dose will often raise the change in index to some degreajism.

whereas a high dose will lower this valtféThe waveguid- i
ing effect at high ion dose was monitored using end-fire mea- 1€ Work was supported by the Research Grants Council

surement. For ion dose higher than< 106 jons/cn?, no  ©f the Hong Kong Special Administration Region, People’s
confinement of light within the channel is observed at 1.5Republic of China, under Grant Project No. CityU 1293/03E,
um wavelength. In that case, we believe that the threshol@ Defense Innovative Research ProgrédiRP) grant from
dose was exceeded and that an “optical barrier” of low re-the Defense Science and Technology Agef@$TA), Sin-
fractive index built up at the end of the ions’ track in the 92P0re, and a grant from the Agency for Science Technology
modified region. The fabrication of planar waveguides in@Nd ResearchASTAR), Singapore.
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