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Characteristics of Er-Doped Al2O3 Thin Films
Deposited by Reactive Co-Sputtering

S. Musa, H. J. van Weerden, T. H. Yau, and P. V. Lambeck

Abstract—Er-doped Al2O3 thin films have been deposited by
reactive co-sputtering onto thermally oxidized Si-wafers. The de-
position process has been optimized with respect to the require-
ments originating from the application of these multilayer struc-
tures as integrated optical amplifiers for the third telecom window,
i.e., the wavelength range 1.52–1.56m. The films obtained at a
substrate temperature of only 400 C are amorphous and show a
homogenous structure, without columns or grains. For slabguides,
background losses smaller than 0.25 dB/cm have been obtained,
even without any annealing. A relatively broad luminescence band,
having an FWHM of 55 nm around the 1.533- m wavelength,
has been measured. From gain versus pumping power curves, an
upconversion coefficient lower then 2010 25 m3/s has been de-
rived, being half of the values reported up to now in the literature.
Simulations based on experimentally determined material param-
eters and assuming a channel attenuation of 0.5 dB/cm indicate, for
0.24 at.% Er channel devices with an optimal channel length of 7.7
cm, an amplification of 8 dB at 1.533 m for a pump wavelength
of 1.48 m, and a pump power of only 8.7 mW.

Index Terms—Er-doped Al2O3, integrated optics, optical ampli-
fiers, reactive co-sputtering.

I. INTRODUCTION

DOPING of planar optical waveguides with Er is gaining
interest due to the possibility of applying these active

waveguides as loss-compensating components in optical
circuits around the wavelength 1.5m, the third telecommu-
nications window. The success of Er-doped fiber amplifiers
(EDFAs) [1] and the desire to insert into the optical networks
integrated optical components that show low losses, even in
spite of their complexity, have triggered the development of
on-chip integrated optical amplifiers, also based on the optical
transitions within the Er -ion. Because of the limited length
of integrated optical amplifiers, effective amplification can be
obtained only by taking Er concentrations that exceed those
in the fibers by some orders of magnitude. As a consequence,
energy migration-related deteriorating phenomena such as
quenching and upconversion become relevant, and the reduc-
tion of these effects poses additional requirements on the host
materials. There have been considerable research efforts for
host materials obeying all requirements, and a broad range of
materials has been investigated or suggested [2], [3].

Of these materials, it is AlO which possesses appealing
characteristics as an excellent host for erbium. The waveguide
fabrication technology for this material is well developed;
high-quality waveguides with low losses 0.3 dB/cm at =
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1.55 m have been realized [4]. The relatively high refractive
index of Al O waveguides provides high confinement of the
optical mode, leading to high intensities at low power levels, as
is very advantageous for obtaining effective amplification. This
is, however, with the penalty of applying special fiber-chip
coupling functions in order to have an effective power transfer
from fiber to chip and vice versa. Moreover, the similarity in
valency and lattice constants between AlO and Er O [5]
allows for incorporation of high concentrations of Er in AlO
without clustering of Er in the AlO film, which is important
for reducing energy migration and, hence, quenching and
upconversion. The difference in ionic radii between Erand
Al will lead to an appreciable inhomogeneous broadening
of the Er - transitions, which on one side reduces the energy
migration and on the other side extends the bandwidth.

Indeed, much research has been done on Er-doped AlO
layers. Various techniques have been used, varying from Er
implantation in already grown AlO -films [2] to co-doping
during production applying various chemical vapor deposition
(CVD) methods including PECVD [6], MO-PECVD [7], and
MO-LPCVD [7]. Promising results have been obtained. For
example, a net gain of 2.3 dB for a pump power of only 9 mW
has been demonstrated for a 4-cm-long Er-implanted AlO
optical waveguide amplifier, in which the Er peak concentra-
tion is 0.28 at.% [8]. Ion implantation, however, shows some
drawbacks. After producing the AlO -film, two additional
technological steps are required: the implantation itself and a
post-annealing step in order to repair the lattice damage caused
by implantation. The latter, due to its relatively high annealing
temperature, 950C [9], and annealing time, hampers the pos-
sibility of integration with electronics implemented in earlier
processing steps in the Si-wafer, generally used as the substrate
material for Al O -based integrated optics. Also, it is quite
cumbersome to produce optimal transverse Er-concentration
profiles. Taken together with the larger probability of clustering
in ion implanted materials, this will lead to higher energy
migration in the center of the profile. Indeed, upconversion
effects manifesting themselves as emission from higher excited
Er-states are clearly observed in Er-implanted AlO for an
average Er concentration as low as 0.12 at.% [2].

Er:Al O thin films fabricated by CVD techniques suffer
from the presence of a considerable amount of hydroxyl groups
in the films that increase the background attenuation and also
function as quenching centers for the excited state energy [2],
[6], [7]. Also, high-temperature annealing is needed in order to
partially remove the hydroxyl groups.

We have produced the Er:AlO films by reactive co-sput-
tering using sputterguns, a flexible method which avoids many
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of the drawbacks of the other methods. Based on experience
with Er:Y O [10], we expect that, using reactive co-sputtering,
as-deposited Er:AlO waveguides with low losses and a small
amount of hydroxyl contaminants can be produced at relatively
low temperature. Because of both the co-sputtering and low sub-
strate temperature, the Er is expected to be homogeneously dis-
persed within the host material. Hence, it is expected that at
relatively high Er-concentrations the energy migration will be
low. This energy migration will be hampered more as a result
of the inhomogeneity of the local stresses, leading to a distri-
bution of the values of the excited state energy over the Er
sites and hence to the need of phonon assistance during en-
ergy migration. Co-sputtering offers the possibility of producing
any transverse concentration profile, simply by controlling the
time dependence of power fed to the Er-gun in an appropriate
way. By using a multisputtergun configuration, hosts like the
mixed compound Al Y O can be produced and due to the
low substrate temperature used there is some expectation that
metastable single-phase compounds can be obtained, at least for
some ranges of. This offers an extra degree of freedom in the
design of the host material.

In this paper, the properties of Er:AlO thin films realized by
reactive co-sputtering are presented and their optimization for
application as integrated optical amplifiers for the third telecom-
mmunications window is reported. In Section II, the fabrication
method and the deposition setup are described and the structural
characteristics of the resulting films are shown and discussed.
The optical properties of the layers are given in Section III just as
some gain versus pump power curves for determining, amongst
others parameters, the value of the upconversion coefficient. In
Section IV, the results are discussed and compared to earlier re-
sults obtained for similar thin film materials fabricated by other
techniques. A first-order estimate of the attainable gain in this
type of amplifiers is made. The prospects of the reactive co-sput-
tering method are presented in Section V, followed by the con-
clusions in Section VI.

II. FABRICATION AND STRUCTURAL CHARACTERISTICS

Er:Al O thin films were reactively co-sputtered onto 3.3-
m-thick SiO substrate layers that were grown by thermal ox-
idation on Si-wafers. The process was carried out in a vacuum
chamber pumped by a cryo pump to a base pressure of10
mbar, in order to remove all water, being a potential source of
hydroxyl groups in the alumina. Two planar magnetron sputter
guns (US Gun II) were used. One sputtergun containing a metal
target, (99.999% pure) aluminum, was dc-powered and the other
with erbium was connected to an rf power supply. The sub-
strate was mounted 15 cm above the sputterguns on a substrate
holder that could be rotated during sputtering to improve film
homogeneity. The deposition was done in Ar:Oambient. The
Ar was injected inside the sputterguns to maintain both a high
concentration of Ar on top of the targets, as needed for the gas
discharge, and a low working pressure inside the chamber, for
obtaining an acceptable growth rate. The O, required for ob-
taining an oxidized film, was injected through a port in the side
of the chamber and the flow rate could be varied between 0 and
100 sccm.

TABLE I
VALUES OF THESIGNIFICANT DEPOSITIONPARAMETERS FORACHIEVING

Al O LAYERS WITH OPTIMAL PERFORMANCE

Fig. 1. Optical losses, at� = 0:633 �m, of Er:Al O thin films as a function
of the O flow rate in the deposition chamber. Other deposition parameters are
substrate temperature (400C), dc power (234 W), rf power (20 W), and Ar
flow rates (20 sccm for both guns).

The deposition process was optimized with the objective to
obtain as-deposited films with low background losses and low
energy migration while maintaining an acceptable growth rate.
The parameters that influence the deposition process are listed
in Table I. Two of these deposition parameters, the Oflow rate
and the substrate temperature, are found to be of crucial impor-
tance for obtaining the stoichiometric composition and for the
microstructure of the sputtered films and, consequently, for their
optical losses.

A typical example of an optical loss versus Oflow rate re-
lation is given in Fig. 1. The data are measured at an optical
wavelength of 0.633 m. It can be seen that the losses decrease
as the O flow increases. This is ascribed to the fact that in this
flow rate range the films approach the stoichiometric compo-
sition as the oxygen flow increases. Fig. 1 suggests that losses
will decrease even further by increasing the Oflow rate over 55
sccm. However, at such high flow rates, the surface of the target
will be totally oxidized, having the consequences of an unac-
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Fig. 2. Optical losses, at� = 0:633 �m, of Er:Al O thin films as a function
of substrate temperature. Other deposition parameters are Ar flow rate: 20 sccm
for both Al and Er guns; Oflow rate: 55 sccm; dc power: 234 W; rf power: 20
W; and working pressure of 4.6� 10 mbar.

ceptably small deposition rate and arcing of the target leading
to enhanced scattering losses of the AlO waveguides [11].

In Fig. 2, a typical example of the relation between the losses
(at m) and the substrate temperature is presented.
The upper bound of the obtainable temperature range, 450C,
is limited by the system. The optical loss decreases as the sub-
strate temperature is increased. This is attributed to both a better
stoichiometry and a more regular microstructure. As for the film
stoichiometry, it is evident from energy dispersive X-ray (EDX)
measurements performed on films all sputtered at an Oflow
rate of 25 sccm (see Fig. 3) that the amount of oxygen in the
layers increases with increasing substrate temperature. The mi-
crostructure of the sputtered films will become more regular
the higher the substrate temperature, and, as a consequence,
the scatter losses will decrease. This is in line with Thornton
structural zone model [12] and can be ascribed to an increasing
adatom mobility. Applying an Oflow rate of 55 sccm where
no arcing occurs yet and a substrate temperature of 400C, sto-
ichiometric Al O layers are obtained.

The Ar flow rate is not very critical. A low Ar flow rate, just
sufficient to maintain a stable plasma, was chosen as optimum
in order to obtain a low working pressure. The optimized values
of sputter parameters, used in fabricating films throughout this
study, are listed in Table I. The optimization appears to be in-
dependent of the precise value of the rf sputter power fed to the
Er-gun, at least within the range used in these investigations.
Using these values, the sputter rate was20 nm/min.

EDX measurements performed on undoped AlO films
show that, under these conditions, the oxygen-to-Al ratio is
stoichiometric within the accuracy of the measurement, being
about 2 at.%.

In Fig. 4, a Rutherford backscattering spectroscopy (RBS)
spectrum of an Er-doped AlO film obtained by reactive
co-sputtering is shown. Analysis of the spectrum shows that
the Er is uniformly distributed in the transverse direction across
the waveguide and that a presence of impurities cannot be
observed. The Er concentration determined from the spectrum

Fig. 3. Oxygen content (in at.%) of AlOfilms as a function of substrate
temperature. The other deposition parameters are: Oflow rate: 25 sccm; Ar
flow rate: 25 sccm; working pressure: 4.6� 10 mbar; and dc power: 234 W.
The dashed line indicates the oxygen content for stoichiometric AlO .

Fig. 4. RBS spectrum of an Er:AlO film deposited by reactive co-sputtering.

is 0.74 at.%. In samples sputtered at other rf powers under
conditions given in Table I, however, the Er concentration
ranges between 0.04 at.%, for 10 W of rf power and 0.74 at.%,
for 50 W (see Fig. 5). It should be noted that it is possible to use
a higher rf power to achieve higher concentration, but it was
thought that a concentration of 0.74 at.% would be sufficient
for the purpose of this study.

X-ray measurements have shown that the structure of the de-
posited films is amorphous (figure not shown). Ellipsometric
measurements show that the resulting layers have a uniform
thickness and refractive index, variations within a 4-cmarea
being smaller than 2.4% and 0.12%, respectively. Fig. 6 shows
a scanning electron microscope (SEM) photograph of the cross
section of an Er:AlO thin film. The photograph shows no
columnar structure in the film and the surface appears to be
smooth and without cracks. It should be noted that the lines
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Fig. 5. Er concentration as a function of the rf power supplied to the
Er-sputtergun. For deposition, the parameter set of Table I has been applied.

Fig. 6. SEM photograph of the cross section of as-deposited thin film of
Er:Al O fabricated by reactive co-sputtering.

visible in the picture are artifacts originating from the wafer
cleavage.

III. OPTICAL CHARACTERIZATION

Most optical characterizations presented here were per-
formed using a prism coupling setup, the description of the
experimental details of which are given in [3]. From
measurements using this setup, the thickness and the refractive
index of the Er:Al O layer can be derived. For an Er:AlO
slabguide with Er concentration of 0.2 at.% measured at

m, the refractive index and the thickness were
determined to be 1.665 and 0.69m, respectively. At a
wavelength of 1.48 m, relevant for optical amplification, the
refractive index was 1.640.

Fig. 7 shows the absorption and photoluminescence spectra
of an Er (0.2 at.%)-doped AlO layer in the wavelength
range 1450–1580 nm. When recording the absorption spectrum
(dashed line), a low-intensity polychromatic light source (tung-
sten halogen lamp) was used to avoid significant population

inversion buildup. The spectral resolution of the absorption
measurements was 4.6 nm. The Er-absorption shows a
broad one-shouldered band, the absorption being maximum
(3.62 dB/cm) at a wavelength m and the shoulder
being at a lower wavelength. The full width at half maximum
(FWHM) is about 80 nm. The background losses given by
the offset in the attenuation spectrum were determined to be

0.25 dB/cm. In measuring the luminescence spectrum (solid
line), an argon-ion pumped DCM dye laser tuned at 0.660

m was used as a pump source to excite the Er-ions in the
waveguide. This wavelength coincides with the pump band
of the Er -ion. A resolution of 2 nm was used to record the
luminescence. The luminescence spectrum also shows up as
a one-shouldered band, its maximum being at m
and the shoulder being at a longer wavelength. The FWHM
of 55 nm is smaller than that of the absorption band and the

3-dB points correspond to 1.515m and 1.57 m. In 0.2 at.%
Er-doped Al O slabguides, in contrast with 0.2 at.% Er-doped
Y O slab guides [3] under identical experimental conditions,
no 0.98- m luminescence could be detected and no green light
was visible even when using a pump wavelength at 1.48m.
However, in samples with Er concentration0.34 at.%, under
these conditions clear 0.98-m and green luminescence bands
were clearly detected (figure not shown).

Fig. 8 shows the dependence of the luminescence lifetime
on the Er concentration (squares connected with dashed

lines). The corresponding decay rate is also shown in the figure
(filled circles). The lifetime decreases as the Er concentration
increases, from 6.7 ms at a concentration of 0.04 at.% to 1.3
ms at 0.74 at.%. A simple diffusion process [13] can model the
dependence of the lifetimeon the concentration

(1)

where is the radiative lifetime, is the Er -concentration,
and is the quenching coefficient. A fit of this model with
the measurements gives a radiative lifetime of 11.3 ms and a
quenching coefficient of 710 m /s and is shown in Fig. 8
(solid line). Note that the layers were not annealed.

The effect of annealing on this Er lifetime has been studied.
Fig. 9 presents the lifetime as a function of the anneal temper-
ature at 1-h annealing time for samples with Er concentrations
of 0.2 at.%. The lifetime increases from 4.4 ms to 5.5 ms as
the anneal temperature increases. Similar effects of annealing
have been observed by Mahnkeet al. [7] in Er-doped Al O
films produced by MOCVD, and they appear to occur for any
Er concentration. A noticeable drop in lifetime is observed at
the annealing temperature of 600C. This has been confirmed
by an accumulative annealing method [4] done on another set
of samples.

From the measured absorption and emission spectra, the spec-
tral distribution of the absorption and emission cross sections
needed for calculating optical amplification can be determined.
Here it is assumed that all erbium particles are optically active
Er -ions [8]. In Fig. 10, the wavelength dependence of the ab-
sorption (solid line) and emission (dashed line) cross sections
derived from the spectra in Fig. 7 are shown. The absorption
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Fig. 7. Absorption spectrum (dashed line, right scale) and photoluminescence emission spectrum (solid line, left scale) of a 0.20 at. % Er-doped AlO slab
waveguide. The same sample was used for both spectra.

Fig. 8. Lifetime of the I -state of Er -doped Al O (squares + dashed
line, right scale) and the corresponding decay rate (dark circles, lift scale) as a
function of the Er concentration.

cross section [cm was calculated from the measured at-
tenuation [dB/cm] using the relation

(2)

where is the frequency and is the mode confinement to the
Er-doped region [3]. The emission cross section [cm
was calculated using the Fuchtbauer–Ladenburg method [3].
This method implies the derivation of the emission cross sec-
tion from the normalized luminescence spectral lineshape
scaled by the radiative lifetime

(3)

where is the refractive index of the guiding layer.
In order to assess the performance of the Er-doped AlO

waveguide amplifier realized by reactive co-sputtering, a first-

Fig. 9. I state lifetime versus the anneal temperature of a 0.2 at %
Er:Al O layer.

Fig. 10. The wavelength dependence of absorption (solid line) and emission
cross sections (dashed line) of the Ertransitions in Er-doped AlO layers.
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TABLE II
EXPERIMENTALLY DETERMINED MATERIAL PARAMETERS, THE DIMENSIONAL

PARAMETERS, AND THE APPLIEDWAVELENGTHS OF THEEr:Al O CHANNEL

AMPLIFIERS ASUSED FORCALCULATING THE CURVES OFFIG. 11

order estimate of the optical gain was made. The calculation
was carried out using modeling tools developed in our group in
collaboration with BBV Software [14]. The model takes into
account the influence of the field profiles of the modes, the
background attenuation, the quenching, and the upconversion.
Values of basic amplifier parameters determined in this study,
and optimized waveguide cross-section dimensions, as listed
in Table II, have been used as input for the calculation, while
channel losses of 0.5 dB/cm have been assumed. The calcu-
lations refer to a 4-cm-long ridge-type waveguide amplifier of
which the core layer consists of 0.24 at.% Er-doped AlO . In
Fig. 11, the small-signal gain at a signal wavelength of 1533 nm
is shown as a function of the pump power at m for
various values of the upconversion coefficient. The first value
40 10 m /s is the value as determined for sputtered AlO
films with Er implantation [9], and the second value 2010
m /s is the value we will deduce from measurements to be pre-
sented later on in this section. For clarity, a curve for a zero value
of the upconversion coefficient has also been calculated.

From these curves, it can be concluded that the threshold
powers are in the range 0–6 dBm 1–4 mW) and that at
10-dBm (10 mW) pump power the gain is in the range 4–7
dB/cm. Note that the chosen amplifier length is far from its op-

Fig. 11. Calculated small-signal gain at the 1533-nm wavelength as a function
of 1.48-�m wavelength pump power of a 4-cm-long ridge waveguide 0.24
at.% Er:Al O amplifiers for various values of the upconversion coefficient
u (—u = 40 � 10 m /s, � � � � � � u = 20 � 10 m /s, ——u = 0). The
values of the other parameters are given in the text.

TABLE III
DIMENSIONS OF THEAMPLIFYING CHANNEL GUIDES ASUSED FOR THEGAIN

VERSUSPUMP POWER EXPERIMENTS, SAMPLES 1 AND 2

timal value, i.e., the value defined by the local gain at the end
of the amplifier section being zero dB/cm. For optimal values,
higher gains are expected as will be shown later in Fig. 13. The
results clearly illustrate the importance of lowering the upcon-
version coefficient, resulting in a lower threshold pump power
and higher gain.

Especially for gaining more information about the upconver-
sioncoefficient forsome0.24at.%ErdopedAlO channelstruc-
tures (Sample 1 and Sample 2 of which the dimensions are given
in Table III) made from different wafers, the small-signal gain at
1533 nm as a function of the pump power (1480 nm) has been
obtained experimentally (see Fig. 12). Note that the low gain
values obtained are mainly the result of nonoptimal dimensions
and of channel losses exceeding the originally assumed value of
0.5 dB/cm. The origin of the latter can be found in the ion beam
etching process (IBE) we have applied in these preliminary ex-
periments for defining the ridge-type waveguide channels within
the Al O layers. As a result, the attenuation appeared to be dra-
matically increased to a value 10 dB/cm. This has to be ascribed
to Ar- incorporation into the AlO layer and the resulting lat-
tice damage during the etching process. Annealing during 1 h at
700 C appeared to be necessary for decreasing the attenuation
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Fig. 12. Gain versus pump power curves for two Er: AlO channel amplifiers. Solid lines: experimental curves; dotted lines: the best theoretical fits.

Fig. 13. Calculated gain versus pump power curves for various values of the upconversion coefficient [u = 40 � 10 m /s (——); u = 20 � 10 m /s
(� � � � � �); u = 0 ( - - -)], amplifier lengths being optimized for 9.4-dBm pump power. Dimensions: channel thickness is f 790 nm, channel ridge height is 230 nm,
and the channel width is 1.4�m. The other applied parameters are given in the text.

to an acceptable value of 1.10.2 dB/cm, as has been measured
by the cutback method on an undoped sample. It is expected that
thisannealingprocesswill alsodeterioratesomewhat thevalueof
the upconversion coefficient and hence wet etching of the amor-
phous Al O layer is expected to be a preferable method. In spite
of this high attenuation, the results of the gainversus pumppower
curves enable one to determine the values of the upconversion
coefficient , the quenching coefficient , the erbium concen-
tration , and background lossesby curve fitting. In this curve
fitting, we start from the dimensions as given in Table III and the
material parameters given in Table II, except, of course, for the
four fitting parameters.

During the curve fitting, it appeared that the curves were es-
pecially sensitive to variations of the background losses and the
upconversion coefficient. Sensitivities to the quenching coeffi-
cient and the Er -concentration were much smaller. The best
parameter fits have to be considered as indicative, mainly be-

cause the model does not take into account all effects, such as
ESA effects, expected to be relatively small compared to up-
conversion effects [9]. Also, there are more sets of parameters
which give the same fit quality. This has been expressed by the
uncertainty limits of the parameters.

The parameters obtained from the curve fitting are given in
Table IV inside the Sample 1 and Sample 2 columns. The values
of the Er concentration and the background losses obtained from
the curve fitting agree fairly well with the experimentally ob-
tained ones. For comparison, values reported in the literature
[9] for ion-implanted Er:Al O materials are also given.

IV. DISCUSSION

The absorption spectrum shown in Fig. 7 with a peak at
m is characteristic of the (ground state

first excited state) transitions in the Er-ion [15]. The pro-
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TABLE IV
PARAMETER VALUES GIVING THE BEST FIT TO THE EXPERIMENTAL

GAIN VERSUSPUMP POWER CURVES GIVEN IN FIG. 12 (SAMPLES 1 AND

2) AND THEIR VALUES FOR A SIMILAR SYSTEM AS HAS BEEN

REPORTED IN THELITERATURE

file of the spectrum is similar to that measured for Er-implanted
in Al O [8]. In Fig. 10, the wavelength dependence of the ab-
sorption and emission cross sections has been shown. The peak
absorption and emission cross sections were determined to be

m and m at wave-
lengths of 1.531 and 1.533m, respectively. At the often used
1.48- m pump wavelength for Er-doped amplifiers, the absorp-
tion cross section is m and the emission cross
section is m . These values are in fair agree-
ment with those determined for Er implanted in AlO [8] and
do not differ significantly from the peak emission cross sections
in other host materials, m in Al O co-doped
SiO [17] and m in Y O [3]. Background
losses have to be as small as possible because they have a se-
vere influence on the obtainable gain. For obtaining low back-
ground losses in both undoped and Er-doped material in general,
a post-anneal step is required [4]. In ion-implanted Er:AlO ,
the lattice damage caused by the incidence of highly energetic
ions can be relaxed by annealing only [2]. Using our fabrica-
tion method, in slabguides, background losses of 0.25 dB/cm
have been achieved without any annealing. To maintain this ad-
vantage in the real channel waveguide-type amplifiers, channel
definition has to be done using wet etching methods.

For obtaining an appreciable gain over a large wavelength
range, as is required for wavelength multiplexing, the relevant
luminescence band around 1.54m has to be broad and smooth.
Er-doped Al O is known to show such bands and indeed the
luminescence spectrum, presented in Fig. 7, shows such a broad
band. The value of the FWHM at55 nm is similar to values
reported in the literature for Er-doped AlO whether sputtered
[2] or made by PECVD [6]. Here, the amorphous character of
the Al O -films will lead to a severe inhomogeneous broad-
ening as is also indicated from the fact that, in contrast with crys-
talline host materials such as YO and LiNbO , the individual
transitions between the Stark levels cannot be distinguished.
This band flattening will result in less wavelength dependence
of the gain, as is desired by the application. The bandwidth is
appreciably higher than that obtained in Er:SiO(FWHM 20
nm) [16] or in Er:SiO-Al O (FWHM 43 nm) [16].

Deteriorating effects like quenching and upconversion have
to be small. It was stated before that inhomogeneous broadening
should be beneficial to diminish the deteriorating quenching and
upconversion effects, because now the energy transfer, being the
core of both phenomena, is somewhat hampered. Indeed, with
respect to other Er-doped AlO materials reported in the lit-
erature [7], [9], an appreciably lower upconversion coefficient
is obtained. This will be one of the origins of the observation

of the very low intensities of the 0.98-m and visible emission
bands in our 0.2 at.% Er-doped AlO slabguides. At higher
doping levels, e.g., 0.34 at.%, 0.98-m and green lumines-
cence were readily visible. However, no considerable decrease
in the quenching coefficient with respect to Er-doped YO ma-
terial [3] has been observed in spite of the reduced energy migra-
tion. This can be caused by a larger amount of quenching centers
in our Al O material. The difference between the quenching
coefficients as obtained for the nonannealed and the annealed
samples, 710 and 4–6 10 m /s, respectively, suggests
that annealing reduces the number of quenching centers. This
is supported by the effect of annealing on luminescence life-
time, shown in Fig. 9, manifesting itself as a moderate lifetime
increase as the annealing temperature increases. The discon-
tinuous behavior at 600C resembles that observed in Er-im-
planted Al O films around 825 C [2]. Although the exact
reason for that is not yet known, it might be due to annealing-in-
duced changes in the structure of the films [3].

The gain at a signal wavelength of 1533 nm obtained at
9.4-dBm pumping power is still low, especially when compared
to the gain obtained for a comparable Er-ion-implanted AlO
layer of 2 dB [9]. However, it has to be noted that the low
gain is mainly the consequence of amplifier dimensions not
being the optimal ones and of the relatively high attenuation
originating from the IBE channel etching process. By adjusting
the cross-sectional dimensions and by substituting wet etching
for IBE, acceptable small-signal gain is expected to be obtain-
able. Using all parameter values derived before, for a given
cross section of the waveguide (see the caption of Fig. 13),
the gain-pump power curves have been calculated assuming
background losses of 0.5 dB/cm at amplifier lengths being
optimal at 10-dBm pumping power. The curves calculated
for different values of the upconversion coefficient are shown
in Fig. 13. From that figure, it can be concluded that using
9.4-dBm pump power and inserting a value of the upconversion
coefficient equal to 2010 m /s, 8-dB gain can be obtained.
The reduction of the upconversion coefficient from 4010 to
20 10 m /s appears to translate into a 2-dB higher gain. This
value is somewhat higher than was calculated for the 4-cm-long
amplifiers (Fig. 11) as could be expected, because now, in the
extra amplifier section, population inversion has to be obtained.
That gain can be increased even further by a possibly lower
value of the upconversion coefficient as a result of skipping
the annealing process by optimizing the Er concentration with
respect to the lower value of the upconversion coefficient and
by optimizing the channel dimensions.

V. PROSPECTS OFREACTIVE CO-SPUTTERING

From the results that have been presented and discussed,
it can be noticed that reactive co-sputtering is a flexible
technique with many interesting features as compared to other
techniques. It has been shown in this paper that optimum
Er:Al O films can be obtained at relatively low substrate
temperatures and with no further annealing step necessary.
The relatively low temperature makes the deposition process
compatible with microelectronics technologies and will allow
for the full integration of optics, being fabricated by reactive
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co-sputtering, and electronic circuits already implemented
in the substrate Si-wafer. Also, the low-temperature process
affords the realization of complex multilayer structures where
temperature-induced stresses could otherwise be a problem.
Low-temperature reactive co-sputtering produces Er:AlO
films in which, due to the low adatom mobility, the Er-ions
are expected to be homogeneously distributed at the atomic
scale over the AlO host. Consequently, high concentrations
can be achieved without clustering of Er-ions. Furthermore,
in reactive co-sputtering, the Er concentration in the transverse
direction is a free parameter, by simply varying the power
supplied to the Er-sputtergun, the Er profile in that direction can
be adjusted to exactly match the distribution of the field profile
of the optical mode in the waveguide. Using multisputterguns
system, it is possible to co-dope Pror Nd together with
Er for obtaining amplification around 1.3 and 1.5m in one
device. A multigun configuration also offers the possibility of
obtaining layers of any Al/Y ratio of the host, the low substrate
temperature hampering the phase segregation, and, indeed,
undoped AlO -Y O films made by reactive co-sputtering
with any Al/Y ratio have been reported only very recently
[18]. This mixing possibility offers the prospect of varying and
optimizing the shape of the Er emission spectrum.

VI. CONCLUSIONS

We have demonstrated the deposition of Er-doped AlO
films using reactive co-sputtering and we have optimized the
deposition technology for application of these films in optical
amplification. The films obtained at a relatively low substrate
temperature (400C) are amorphous and show a homogeneous
structure without columns or grains and the slabguides show
background losses 0.25 dB/cm. These background losses,
which have serious impact on the amplifier gain, are the lowest
ever measured for as-deposited Er-doped AlO layers. The
relatively low deposition temperature and the fact that no
post-annealing is needed make the realization of complex
multilayer systems, where heat-induced stress is considered to
be a problem, possible and further allows for the integration
of reactively co-sputtered optics with microelectronic devices.
Relevant for wavelength multiplexing, a broad photolumi-
nescence band having a FWHM of about 55 nm has been
measured. In the resulting layers, the upconversion effect was
relatively small (2010 m /s), enabling the optimal Er
concentration and thus the gain to be increased. Simulations
based on experimentally determined material parameters and
optimized waveguide cross sections showed that a signal gain
over 8 dB can be obtained on a 7.7-cm-long 0.2 at.% Er-doped
Al O amplifier channel pumped at m with a pump
power of 8.7 mW only. By improving the channel etching
process and by further optimization of the dimensions, even
higher gain is expected. The determined optimal deposition
parameters for Er:AlO films will greatly assist in opti-
mizing the co-sputtering sputtering process of single-phase
Er:Al O -Y O systems.
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