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Erbium-doped aluminum oxide integrated optical a
characteristics were investigated for Er concentratio
below 0.3 dB/cm at 1320 nm were measured. F
�1020 cm−3, an internal net gain was obtained over a
gain of 2.0 dB/cm was measured at 1533 nm. The
mized fabrication process, improved waveguide desi
5.4-cm-long amplifier, a total internal net gain of up
an internal net gain of 33 dB at the 1533 nm gain p
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telecom C-band �1525–1565 nm� are predicted for a launc
of pump power into a 24-cm-long amplifier. The high optic
tive technology for active integrated optics. © 2010 Optic
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. INTRODUCTION
ver the last two decades there has been significant in-

erest in integrated rare-earth-ion-doped amplifiers and
asers on a chip. Such low-cost, highly compact compo-
ents can be useful for amplification at the end of an op-
ical link or for signal generation within an integrated op-
ical circuit [1]. In particular, Er3+-doped waveguides are
f specific interest because they offer active functionality
t the all-important telecom wavelengths. Their applica-
ility has been supported by the availability of low-cost
aser-diode pump sources operating at 980 nm and
480 nm for exciting Er ions. In the past, many different
ost materials have been investigated for integrated
rbium-doped amplifiers [2–8] and lasers [9–11]. Among
hem, phosphate glass has become the material of choice
ue to ease of fabrication, high Er solubility without in-
roducing significant quenching effects, and as a result,
omparatively high gain per unit length ��3 dB/cm�
12–14].

Previously, Er-doped aluminum oxide �Al2O3:Er3+� has
lso been studied as a gain medium for active devices
15]. This material offers several advantages. It exhibits a
road emission spectrum due to the amorphous nature of
he host [16]. This makes Al2O3:Er3+ an interesting ma-
erial for active devices such as integrated amplifiers that
rovide gain across a wide wavelength range or inte-
rated tunable and ultrashort-pulse laser sources. Be-
ides, it has a higher refractive index contrast allowing
ore compact integrated optical devices and smaller
aveguide cross sections, resulting in lower gain thresh-
ld and total required pump power as compared to phos-
hate glass. Furthermore, it is fabricated by a straightfor-
ard method that results in low background losses and
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and 2 dB/cm peak gain
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rs were fabricated on silicon substrates, and their
ging from 0.27 to 4.2�1020 cm−3. Background losses
imum Er concentrations in the range of 1 to 2
length range of 80 nm �1500–1580 nm�, and a peak
and and high peak gain are attributed to an opti-
d pumping at 977 nm as opposed to 1480 nm. In a
dB was measured. By use of a rate-equation model,
nd more than 20 dB for all wavelengths within the
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hed signal power of 1 �W when launching 100 mW
al gain demonstrates that Al2O3:Er3+ is a competi-
al Society of America

llows deposition on a variety of common substrates. Spe-
ifically, it is typically deposited on standard thermally
xidized silicon wafers, introducing the potential for inte-
ration with silicon-based photonics technology. Up to
ow, the main drawback of the material has been that the
eak internal net gain was limited to 0.58 dB/cm [15],
hich is significantly lower than what has been demon-

trated in other glass materials. We have recently devel-
ped a new fabrication method based on low-cost sputter
eposition of Al2O3:Er3+ thin films with the aim of opti-
izing the layer quality, reducing quenching effects such

s depletion of the Er 4I13/2 level by energy transfer up-
onversion (ETU) [17], and improving the waveguide ge-
metry for good confinement of the optical signal within
he active region. A gain of up to 0.8 dB/cm was demon-
trated using this alternative, straightforward fabrication
ethod with nonoptimized Er concentration and wave-

uide properties [18].
In this paper, Al2O3:Er3+ amplifiers with different er-

ium concentrations have been fabricated and optically
nvestigated in order to determine the key spectroscopic
arameters and maximize the optical gain. Due to an op-
imized fabrication process resulting in low background
osses, reduced ETU, and long 4I13/2 lifetimes, as well as
n improved amplifier design including strong confine-
ent of the optical signal within the active region and uti-

izing a pump wavelength of 977 nm, high optical gain of
p to 2.0 dB/cm is demonstrated at 1533 nm, and net
ain is measured over a wavelength range of 80 nm. Us-
ng calculations based on the spectroscopic parameters

easured in this study, a net gain of up to 33 dB is pre-
icted for a 24-cm-long amplifier, launched signal power
f 1 �W, and launched pump power of 100 mW. These re-
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