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Stimulated emission and optical gain in LaF  3:Nd nanoparticle-doped
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We report experiments which show evidence that stimulated emission at 863 nm takes place in
hybrid monomode $N, waveguides where LaFNd nanoparticle-doped polymethylmethacrylate
(PMMA) was used as a top cladding material. Furthermore, optical gain at 1319 nm 4nNdchF
nanoparticle dispersed PMMAO.1 dB/cm) and photodefinable epoxyMicrochem SU-8
multimode waveguides has been observed at pump powers below 10 mW. This class of composite
materials based on polymers with dispersed nanoparticles shows promising properties for planar
optical amplifiers. Simulation showed that optical gain in the order of 10 dB can be achieved at
100 mW pump power in a 20 cm long monomode waveguide2@4 American Institute of
Physics [DOI: 10.1063/1.1840110

Over the past few years, more and more rare earth dopetdents on Lak:Nd doped polymer waveguides will be pre-
materials are emerging with very promising properties forsented. Evidence of stimulated emission and optical gain are
amplification in active integrated optical devices. Especiallydemonstrated, which are promising for applications in active
the rare earths neodymium and erbium are of great interesiptegrated optical microring and Fabry—Perot resonator las-
because they emit in the second and third window of opticaing devices.
communication systems, respectively. It has been reported We used Lak:Nd nanoparticles that are composed of
that LaF; is a very good host for rare earth incorporation andLaF;-crystals doped with 5 at % N# The preparation of
because of its low phonon energy it exhibits a wide transparthese nanoparticles has been published elsevﬁﬁe&y
ency band from 0.2 to l;le.1 Laser operation in molecular choosing Lak as host for the N ions, quenching will be
beam epitaxially grown LafNd has been reported by sev- reduced to a minimum because of the very low vibrational
eral authorg;® but microstructuring for planar waveguide energies of Laf and a reasonably long lifetime of 2Q6s
applications is hard. Polymer waveguide materials have thean be obtained. In order to prevent clustering of the nano-
advantage of being low-cost and tunable in many ways wittparticles, which will cause Rayleigh scattering when the re-
respect to their properties and ways of processing. Unfortufractive indices of the nanoparticles and the host are not
nately, compared to inorganic materials, it is relatively diffi- matched’ to enhance solubility and to control the growth of
cult to dissolve rare earth ions like erbium and neodymiumthe particles during the synthesis, ligands are attached to the
in polymers, because these rare earths come in inorganic saliirface of the nanoparticles. Figuréalshows a transmis-
forms that do not dissolve well in polymers. sion electron microscopéTEM) image of the crystalline

To overcome the insolubility problem of inorganic rare LaF,;:Nd nanoparticles. The effects of the prolate geometry
earth salts in polymers, we developed neodymium dopedf the nanoparticles on the photophysical properties can be
LaF; nanoparticles with organic ligands that do dissolve wellneglected since the particles are small and transparent over
in polymers. The negatively charged dithiophosphate groughe wavelength range of interest.
of the ligand is coordinated to the lanthanide ions located at \We fabricated several samples in which the composite
the surface of the nanoparticles. The organic tails extend outnaterial was used as cladding material or core material, re-
ward, giving the nanoparticles a good solubility in organicspectively. Our first sample was a monomodal, high contrast,
solutions and polymer matrices. By combining the broadreactive ion etched g\, straight waveguide with a 20 wt. %
range of attractive polymer properties and the relatively lonthanoparticle doped PMMA cladding deposited on top. The
lifetime of rare earth dopants in inorganic nanoparticles, a&mission peaks of thtF,,, level of the Nd* were measured
considerable amount of flexibility regarding material proper-around 863 nm at different pump powers using a spectrom-
ties can be achieved. The results of our pump—probe experiter with a photomultiplier tube. Figure 2 shows the emission
spectra and the relative weights of the fitted Lorentz peaks as

3E|ectronic mail: R.Dekker@ewi.utwente.nl function of pump power. The emission at 863 nm monoto-
PPresent address: Philips Research, Prof. Holstlaan 4, 5656 AA, Eindhovemously increases with increasing pump power, while the
C);he Netthfjga”d?- LioniX BV, P.O. Box 456. 7500AH Encchede. The NegnETISSION Peaks at 860 nm and 866 nm show saturation when
ooy, cress: HOmA B B, EoXASD, nschede, The Netine pump power exceeds 19aV. This is an indication that
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Box 3065, Victoria, BC Canada V8W 3V6. and optical amplification is possible. By deriving the emis-
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FIG. 1. (a) Transmission electron microscogyEM)
image of the Lak: Nd nanoparticles used in our experi-
ments. The crystalline nature of the particles is shown
in the top left of the image(b) and (c) Microscope
cross section and SEM top image of 4én wide nano-
particle doped SU-8 waveguides, respectively.

(@) ©

sion cross sections and the branching ratios from the spont&ng. Waveguides with a width of 1@m were fabricated by
neous emission spectrum and assuming full population inverdirect photopatterning through UV-exposure of the (@
sion we found the net gain to be around 0.5 dB/cm usinghick doped SU-8 film followed by a standard photoresist
straightforward modeling, corresponding to 3 dB/cm in casedevelopment step. In Figs(k) and c) a microscope cross
of an optimized modal overlap which is the case when bottsection and a scanning electron microscope top view image
core and cladding materials are doped. of our doped SU-8 waveguides are shown, respectively. The

Due to the fact that it was hard to couple a sufficientrefractive index of a doped layer was found to be 1.59, about
amount of pump power in our small dimension high contrasthe same as for the undoped layer. This shows that the influ-
SisN, waveguides, a new waveguide was fabricated by spinence of the doping on the refractive index is small due to the
coating a PMMA solution with 10 wt. % LafNd nanopar- refractive index matching of LaF(n~1.59,> which will
ticles onto a silicon wafer with a thick SiObuffer. After  prevent Rayleigh scattering. A copolymer of acrylates and
patterning with standard photoresist and reactive ion etchingtyrene(n=1.56 was subsequently deposited by spin coat-
of the 3.3um thick doped PMMA film, we obtained straight ing, after which the samples were diced. The absorption tail
waveguides with a channel width of m and a ridge of the SU-8 photoresist extends into the visible wavelengths,
height of 1.4um. A probe signal(A;=1319 nm and a causing our nanoparticle doped SU-8 waveguides to show
12 mW chopped pump\,=578 nm beam were combined absorption at 578 nm, damaging the waveguides in a short
with a WDM and coupled into the PMMA waveguides using period of time. Therefore, these samples were pumped at
a fiber with a 9um core. At the output a 5@m multimode 795 nm, where the absorption of Rdis about 60% of the
fiber was used to collect all the light. The pump light wasabsorption at 578 nm. After dicing and pigtailing of the
filtered out and the 1319 nm signal was lead to a linear desamples only 5 mW of pump power could be coupled into
tector that was connected to an oscilloscope. The detectaur 5.2 cm long waveguides using a Ti:sapphire pump laser.
signal shows a signal gain of 0.35 dB in our 3 cm longThe pump and laser signals were combined using a 3 dB
waveguide channels when the pump laser was switched osplitter. At this low pump power level an amplification of
The effect of spontaneous emission was determined by turr®.1 dB of the signal laser was observed on the oscilloscope.
ing off the signal laser, resulting in a detector signal that was'he spontaneous emission was measured to be around 30 dB
27 dB lower than the original signal power. The power dif- lower than the signal power, not interfering with our ampli-
ference of the 1319 nm signal when the pump laser is preseffication measurements. Numerically solving the rate equa-
or absent is thus caused almost completely by amplificatiortions of the N@* four-level energy systefis consistent with

A third sample was made using SU-8 photoresist as théhe measured amplification at the low pump powers used in
host for the nanoparticld20 wt. %) to simplify the process- our experiments. Figure 3 shows the gain for several wave-
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18 gating state of the art photosensitive polymer materials with
161 x1pm very low background losses in the visible and infrared. In
Baum addition, erbium-doped nanopatrticles with strong emission at
1 1.55um and lifetimes in the range of several milliseconds
@ 12 Sx3um have been synthesized for use in the third fiber optic com-
c 104 munication window. Our aim is to build microring lasers and
‘_& axdpm all-optical switches utilizing the gain and the third-order
3 3 nonlinear properties of this new class of compound materi-
g o als.
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