Erbium-doped phosphate glass waveguide on silicon with 4.1 dB/cm gain
at 1.535 pum
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Erbium-doped multicomponent phosphate glass waveguides were deposited by rf sputtering
techniques. The Er concentration was>6187° cm™3. By pumping the waveguide at 980 nm with

a power of~21 mW, a net optical gain of 4.1 dB at 1.5 was achieved. This high gain per unit
length at low pump power could be achieved because the Er—Er cooperative upconversion
interactions in this heavily Er-doped phosphate glass are very jt#leakipconversion coefficient is
(2.00.5)x 10" cm¥s], presumably due to the homogeneous distribution of Er in the glass and
due to the high optical mode confinement in the waveguide which leads to high pump power density
at low pump power. ©1997 American Institute of Physid$S0003-695(97)02746-0

Erbium-doped planar optical waveguide amplifiers, op-The deposition system had a base pressure of hibar,
erating at the third telecommunication window near &r6,!  and the working pressure was3x 10 2 mbar. The sub-
are attractive due to their small size and potential integratiortrate was positioned 5 cm above the target. The rf sputtering
as loss-compensating components with other optical devicepower was kept below 100 W to prevent target cracking due
such as passive splittérsr combiners’ Ideally, these wave- tg thermal stress. The highest sputtering rate was
guide amplifiers should have high gain, small size, and re--0.27 ,m/h at the center of the substrate. The thickness of
quire low pump power. Silica-based glasses have beethe sputtered layer was measured by a prism coupling
shown to be good hosts for Er, and optical gain of up to 4.Znethod.
dB/cm has been shown in channel waveguide amplifiers Figure 1 shows a Rutherford backscattering spectrom-
based on these glasstsHowever, rather high pump powers etry spectrum taken using 2.0 MeV He at a scattering angle
are required to reach net gain. This is due to the fact that aif 45°. The various components, including O, Na, Al, P, La,
the high Er concentrations required to reach high gain pegnd Er, can be distinguished in the spectrum. As can be seen
unit length, cooperative upconversion interactions betweegh Fig. 1, the composition is perfectly homogeneous through-
the closely spaced Er ions reduce the effective excited Egyt the thickness of the film, which was 575 nm for the
population for a given pump powérin addition, the high  particular case in Fig. 1. The Er concentration in the film was
pump powers required to overcome these interactions cagletermined to be 5:8310?° cm™2 (0.75 at. %. The particular

cause excited state absorption effects that also reduce thgass composition used in this work followed from a detailed
pump efficiency. It is therefore important to develop new

materials which show low upconversion, combined with a
sun?rl])htahyvavegwde technology. Energy (MeV)
is letter we present measurements on a newly de- 05 10 s 20
signed Er-doped phosphate glass that shows very low upcon- 39 T T T T
version. In addition, due to its relatively high refractive index
(n=1.56 at 632.8 nmy small waveguide dimensions with
tightly confined modes can be made in this material, en-
abling efficient pumping. Indeed, a net optical gain at 1.535
pum of 4.1 dB/cm is reached at a pump power at 980 nm of
only 21 mW, the highest gain per unit length at such a low
pump power reported for an Er-doped planar amplifier.
Erbium-doped phosphate glass films were deposited by
magnetron rf sputtering in £Ar atmosphere onto a ther-
mally oxidized silicon substrate An Er-doped phosphate
glass disk, 10 cm in diameter and 6 mm in thickness, was »
prepared as a target. The matrix glass was a multicomponent 0 100 200 300 455 500
phosphate glass, containing,Bg, Al,O5;, N&0O, La,03, and Channel
P,Os. Care was taken in the target preparation procedure to
minimize the presence of water, as that can cause Sevefs. 1. Rutherford backscattering spectrometry spectrum of an Er-doped
concentration quenching in these highly Er-doped gla%seSmulticomponent phosphate glass film taken using 2.0 MeV He at a scatter-
ing angle of 45°. The surface channels for the various constituents are indi-

cated in the spectrum, and the lines show the contributions of each element
3Electronic mail: jyan@tpd.tno.nl to the spectrum.
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FIG. 2. Schematic cross section of the strip-loaded phosphate glass wave- . -
guide structure on silicon. The oxide buffer layer thickness is not to scale.ElG' 3. Attenuation spectrum for an optimized Er-doped phosphate glass

: . . . . waveguide measured using a two-prism coupling technique. The back-
The 1& mode intensity contour is also plotted in the dashed line. ground loss is 0.9 dB/cm, and the’Erbsorption at 1.53mm is 8.7 dB/cm.
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optimization study in which the glass composition, Er con- ) o
centrations, and deposition conditions were vafied. PUMP wavelength was deterfrrgllnedif;om a similar measure-
P,Os-based glasses are known to be good host materials fPent and amounted to 210" cm~*. .
Er, enabling a homogeneous distribution without clustering  OPtical gain measurements were performed with the
of the Er'9Na,O is added as a network modifier, 8 to strip-loaded channel waveguide in a fiber butt-coupling
increase the chemical resistance, andQsao increase the setup. A 980 nm beam, emitted from a Ti:sapphire laser and
refractive index. coupled into a single-mode fiber, was used as the pump. This
Strip-loaded waveguides were made by sputtering 3 Siowa\ieleng.th is resonantly absorbed. in the,,, manifold of
film (~500 nm thick onto a 1um-thick deposited Er-doped Er R A §|gnal beam at 1.53@m, .emltted from an exterqal—
glass layer, and then etching the waveguide pattern into thig2Vity diode laser, was mechanically chopped before it was
Si0, layer using standard photolithography techniques. PhoSOUPIed into a single-mode fiber. The signal power was be-
toresist(~ 1 um thick) was used as the masking layer during oW —40 dBm (<0.1W). The pump and signal were com-
etching. The etching was carried out in two steps: first a wePined by @ 980 nm/1530 nm fiber wavelength division mul-
chemical process with a buffered HF etch was used to reliPléxer, and were then coupled into the waveguide with a
move 400 nm of the SiQlayer and then a plasma dry etch- tapered optical fiber. The signal transmission change through
ing process with CHE/O, further etched the remaining Sjo  the 10-mm-long waveguide as a function of pump power in
layer to a thickness of-30 nm. This remaining SiQlayer ~ the input fiber is shown in Fig. 4. _ o
outside the 4um-wide waveguide strip protects the Er-  AS the pump power is increased, the signal rapidly in-
doped glass layer through the whole fabrication process. AS'€ases and an enhancement of 13.7 dB is reached at a pump
we have shown beforthis fabrication process had only a POWer of 66 mW in the fiber. The power in the waveguide is

small effect on the Er luminescence properties of the films. A

cross section of the strip-loaded waveguide structure and itr

dimensions are shown in Fig. 2. Theelhode intensity con- Pump power in waveguide (mW)
tour is also indicated, and shows that the mode is well con-
fined within a cross section of roughly<i4 um?. The wave-
guide was 10 mm long. To enable fiber butt-end coupling,
the samples were cleaved perpendicular to the waveguide
Finally, the completed waveguide was annealed in flowing
pure oxygen at 510 °C for 2 h.

The photoluminescence spectrum of the completed
waveguide structure showed a broad peaéntered around
1.535 um due to the*l;5,— I 15, transitions in Et". The
spectral width was 28 nm at full width at half-maximum,
enabling a relatively wide gain bandwidth. The luminescence
decay was single exponential with a lifetime of 4 ms. Figure
3 shows the attenuation spectrum of a planar waveguide
measured in the wavelength range from 1100 to 1600 nm 0 ' ‘ : ‘ ‘ ! L
using a two-prism coupling method. The optical loss at 1.3 0 10 20 30 40 5 60 70 8O
um was determined to be less than 0.9 dB/cm. Th& Er Pump power in input fiber (mW)
absorption at 1.53xm was measured to be 8.7 dB/cm. Us- '
ing the known optical mode profile in the waveguide and theF!G. 4. Measurement of the optical signal enhancement at 16350 a

. . 0-mm-long Er-doped phosphate glass channel waveguide amplifier as a
0
Er concentration of 0.75 at. %, the peak absorptlon cros nction of 980 nm pump powe(®) Experimental data. The solid line is a

section around 1-535:“m' was Calcu"?ted to be 5.4 caculation based on a cooperative upconversion coeffic@pt= (2.0
X102 cm™2. The absorption cross section at the 980 nm=0.5)x 108 cns.

Signal enhancement (dB)
Net gain (dB)
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shown on the top horizontal axis of Fig. 4 and is calculatecexcitation of the high Er concentration, and therefore high
using a coupling loss of 30% estimated using measurementgin per unit length. Additional simulations show that for a
of the pump power at the output end of the waveguide angpump power of 30 mW the optical gain can be further in-
taking into account the absorption in the waveguide. Thecreased by increasing the waveguide length to 4 cm. In that
signal enhancement data were converted to net optical gatase a net gain of more than 10 dB can be achieved. With a
(right vertical axi$ by setting the gain at zero pump power higher pump power of 100 mW, a net optical gain of 35 dB
equal to the measured Er absorption at 1.536 (8.7 dB) is expected for a waveguide length of 8 cm.

plus the known waveguide 10$8.9 dB. The net optical gain In conclusion, Er-doped phosphate glass waveguides
is reached at a pump power ef7 mW in the waveguide. At (0.75 at % Ey were fabricated by rf sputtering techniques on
a pump power of~21 mW in the waveguide a nésmall-  thermally oxidized silicon substrates. A net optical gain at

signa) optical gain of 4.1 dB at 1.53m is reached for the 1.535 um of 4.1 dB has been measured in a 10-mm-long
10-mm-long waveguide. To our knowledge, this is the high-Er-doped phosphate glass waveguide amplifier pumped at
est optical gain per unit length reported in the literature for980 nm at a pump power of21 mW. This high gain at
an Er-doped planar waveguide amplifier at such a low pumpelatively low pump power is due to the very low coopera-
power. tive upconversion coefficient in this glag€,=(2.0+0.5)
Model calculations were performed to fit the measuredx 108 cm®/s], caused by the homogeneous distribution of
gain data in Fig. 4 as a function of pump power. A quasi-Er in the glass, as well as by the high mode confinement due
two-level rate equation model was used, taking into accounto the high refractive index. Calculations show that a gain of
the cooperative upconversion as a quenching effect that igp to 35 dB may be achieved by extending the waveguide
quadratic in the concentration of excited Er iériBhe evo-  length.
lution of the pump and signal light was calculated using a  The authors would like to acknowledge the financial
numerical integration of loss and gain processes and assursupport from the IC Technology PrografhOP Electro-
ing a homogeneous distribution of pump power over theOpticy of the Dutch Ministry of Economic Affairs. The
waveguide cross section along the length of the waveguidevork at the FOM Institute is part of the research program of
All input data for the model were taken from our previous FOM, and was also financially supported by NWO and
experiments, apart from the upconversion coefficier@ () STW.
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