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Abstract—This paper reviews the recent developments in rare-
earth-ion-doped channel waveguide lasers. Optical gain in rare-
earth-ion-doped waveguides has been increased by two orders of
magnitude to �1000 dB/cm and waveguide lasers with extremely
high slope efficiencies and output powers exceeding the Watt level
have been demonstrated. Of particular interest in integrated op-
tics is the recent integration of rare-earth-ion-doped channel wave-
guide lasers in amorphous materials directly deposited on a sili-
con substrate. Remarkable performance with respect to slope effi-
ciency, output power, and laser linewidth has been achieved.

Index Terms—Amorphous materials, CW lasers, dielectric
waveguides, distributed Bragg reflector lasers, distributed feed-
back lasers, integrated optics, optical amplifiers, planar wave-
guides, rare earth compounds, solid lasers.

I. INTRODUCTION

RARE-earth-ion-doped solid-state lasers in bulk and fiber
geometries have conquered numerous areas of applica-

tions. In contrast, for the past three decades the world of minia-
turized light sources has been dominated by semiconductor
materials and devices, for two obvious reasons. First, gain in
semiconductors can be generated by direct electrical pumping,
making amplifiers and lasers based on these materials naturally
more efficient than devices that have to be optically pumped by
such semiconductor lasers. Second, since the de-coherence time
of excited states is on the same order of magnitude in semicon-
ductor and rare-earth-ion-doped materials, the allowed optical
transitions of electron-hole-pair recombination in semiconduc-
tors result in the related transition cross-sections being orders
of magnitude larger than those of parity-forbidden transitions
within the 4f atomic sub-shell of rare-earth ions [1], see e.g.,
the comparison in [2, Table 1]. Consequently, semiconductor
waveguide optical amplifiers deliver a gain per unit length of
hundreds of dB/cm [3]–[9], being typically two orders of magni-
tude larger than those values of a few dB/cm that have typically
been reported in rare-earth-ion-doped materials [10]–[14].

Recent developments have produced evidence of the com-
petitiveness of rare-earth-ion-doped dielectric waveguide am-
plifiers and lasers for integrated optical applications. A general
overview of the performance of optically pumped waveguide
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lasers can be found in Ref. [15]. In the following section the
potential advantages of rare-earth-ion-doped waveguide ampli-
fiers and lasers over their semiconductor and bulk dielectric
counterparts will be outlined. In the main parts, our recent re-
sults on rare-earth-ion-doped waveguide lasers in a polymer
and in amorphous aluminum oxide, both deposited on a silicon
substrate, will be reviewed.

II. GAIN IN RARE-EARTH-ION-DOPED

DIELECTRIC WAVEGUIDES

Compared to previously reported results, the gain per unit
length in rare-earth-ion-doped channel waveguides can be sig-
nificantly improved. By choice of a suitable host material in
which rare-earth ions exhibit high transition cross-sections, e.g.,
potassium yttrium double tungstate [16], a rare-earth-ion transi-
tion which does not encounter significant parasitic spectroscopic
processes such as excited-state absorption or energy-transfer
upconversion (ETU), e.g., the 1-μm transition in Yb3+ , and co-
doping the active layer with optically inert rare-earth ions, e.g.,
Gd3+ and/or Lu3+ , to compensate the lattice mismatch between
the highly rare-earth-ion-doped active layer and the undoped
substrate [17], [18], we have achieved a gain per unit length
of �1000 dB/cm [2]. This gain value is two orders of magni-
tude higher than previously reported in any rare-earth-ion-doped
material and very similar to the gain achieved in semiconductor
waveguide optical amplifiers. We expect that also in erbium-
doped potassium double tungstates the gain per unit length can
by far exceed 10 dB/cm and that also other crystalline host ma-
terials doped with rare-earth ions can produce significant optical
gain.

Data transmission through optical fiber links reached bitrates
of hundreds of Gbit/s already a decade ago [19], and nowadays
many Tbit/s are achieved [20]. Due to their short carrier lifetime
on the picosecond time scale, semiconductor optical amplifiers
operated in the saturated or quasi-saturated gain regime exhibit
transient gain suppression and recovery which are dependent on
both the bit rate and the bit sequence [21]. This can result in
cross-talk between different wavelength channels when ampli-
fying wavelength-division-multiplexed (WDM) signals, thereby
limiting the useful speed to a few tens of Gbit/s. Rare-earth-ion-
based amplifiers [22] with their long excited-state lifetime of
0.1–10 ms and accordingly longer gain recovery time are oper-
ated in the non-saturated, small-signal gain regime, therefore do
not exhibit such transient channel cross-talk and allow for ampli-
fication at high speed. Recently, we demonstrated amplification
at 170 Gbit/s in an Al2O3 :Er3+ waveguide amplifier deposited
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