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Abstract—A reliable and reproducible deposition process for the
fabrication of Al�O� waveguides with losses as low as 0.1 dB/cm
has been developed. The thin films are grown at � nm ���

deposition rate and exhibit excellent thickness uniformity within
1% over 50 50 mm� area and no detectable OH incorporation.
For applications of the Al�O� films in compact, integrated optical
devices, a high-quality channel waveguide fabrication process is
utilized. Planar and channel propagation losses as low as 0.1 and
0.2 dB/cm, respectively, are demonstrated. For the development
of active integrated optical functions, the implementation of rare-
earth-ion doping is investigated by cosputtering of erbium during
the Al�O� layer growth. Dopant levels between 0.2–5 ��

�� cm �

are studied. At Er�� concentrations of interest for optical am-
plification, a lifetime of the �I�� � level as long as 7 ms is mea-
sured. Gain measurements over 6.4-cm propagation length in a
700-nm-thick Al�O��Er�� channel waveguide result in net optical
gain over a 41-nm-wide wavelength range between 1526–1567 nm
with a maximum of 5.4 dB at 1533 nm.

Index Terms—Aluminum oxide, erbium, integrated optics, low-
loss dielectric waveguide, optical amplifier, reactive cosputtering.

I. INTRODUCTION

A MORPHOUS aluminum oxide Al O doped with rare-
earth ions is a very attractive material for active inte-

grated optical (IO) applications such as amplifiers and lasers.
The distinct advantages of dielectric waveguide lasers and am-
plifiers [1]–[3] over III–V technology are: potentially higher
output powers as well as less noise and thermal drift. In the spe-
cific case of amorphous Al O , the feasibility of Si-compatible
deposition with low fabrication complexity adds to the attrac-
tiveness. Moreover, the amorphous character of the host mate-
rial results in emission linewidth broadening up to 55 nm around
1.55 m [4]–[6], which is particularly important for amplifier
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applications in wavelength-division-multiplexing (WDM) de-
vices and tunable laser sources. Last but not least, the relatively
high refractive index, , allows for the realization of
high-contrast channel waveguides with considerably more com-
pact IO circuits compared to implanted waveguides [7], [8] or
rare-earth-ion-doped fiber technology [9], [10].

During the past few decades, a number of research groups
have investigated and developed Al O deposition processes
based on different techniques: pulsed laser deposition (PLD)
[11], [12], atomic layer deposition (ALD) [13], [14], chemical
vapor deposition (CVD) [5], [15]–[17], the sol-gel method [12],
[18], [19], sputtering from a dielectric target [20], [21], and re-
active cosputtering based on a metallic target [6], [22], [23].

Besides general requirements for thin-film applications in in-
tegrated optics, like low propagation loss, uniform growth over
a large substrate area, good process reproducibility, and suffi-
ciently high deposition rates, specific demands arising from ap-
plications in optically active devices need to be taken into ac-
count. For devices based on rare-earth-ion transitions, OH -free
deposition is required, because these bonds induce strong lumi-
nescence quenching and, hence, greatly diminish or prohibit op-
tical gain. When comparing the properties of previously applied
deposition techniques, it becomes obvious that CVD and sol-gel
techniques inherently suffer from OH incorporation [5], [15],
[16], [18] due to the presence of hydrogen in the process precur-
sors. The application of ALD for optical waveguides, although
resulting in thin films with excellent quality, is limited due to its
very low deposition rate, which typically results in film thick-
nesses of only up to several tens of nanometers. The main draw-
back of PLD consists of the limited substrate area, typically
1–2 cm , which can be covered by a thin film with acceptable
uniformity. This size limitation restricts the integration scale of
complex IO devices. Based on the results of previous studies,
the sputtering technique is very promising for the fabrication of
amorphous Al O thin films for integrated optics, since it com-
bines an inherently low OH content with relatively fast, uni-
form, and controlled deposition over substrate areas of wafer
scale.

Although the potential of rare-earth-ion-doped Al O
waveguides in IO amplifiers has been demonstrated by the
achievement of 0.58-dB/cm net optical gain [24], breakthrough
has been hampered by two problems: further loss reduction
in slab and channel-type waveguides and the availability
of a low-cost stable fabrication process. In planar Al O
waveguides, propagation losses of 0.23 dB/cm have been
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