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cross sections of Er** in Al,O; waveguides

Gerlas N. van den Hoven, Jan A. van der Elsken, Albert Polman, Cor van Dam,

Koos W. M. van Uffelen, and Meint K. Smit

Al,0, slab waveguide films were doped with erbium using ion implantation to a peak concentration of 1.5
at. %. Prism coupling measurements show absorption caused by *I;5,, — *I,3,, intra-4f transitions in
Er®* with a maximum at 1.530 um of 8 dB/ecm. The Er®* absorption cross section is determined as a
function of wavelength. We used the McCumber theory to derive the emission cross section spectrum
from the absorption results, which we then compared with the Er®* photoluminescence spectrum. The

peak absorption and emission cross sections are found to be 6 X 102! cm

~2,  The results are used to

predict the optical gain performance of an Er-doped Al,O, optical amplifier that operates around 1.5 pm.
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1. Introduction

Erbium-doped planar waveguides are being studied
because of their application as integrated optical am-
plifiers or lasers that operate at 1.5 pm. The rare-
earth-ion Er®" has one of its intra-4f transitions
around 1.53 pm,! coinciding with the low-loss window
of standard silica optical fiber. Optical amplifiers at
this wavelength are necessary to overcome losses in
the processing and distribution of optical signals, while
maintaining high bandwidth and low cross talk. The
use of planar amplifiers offers the important advan-
tage that they can be integrated together with other
waveguide devices on a single chip. An integrated
optical circuit, the combination of an optical amplifier
with a 1 X N beam splitter, has been proposed.2

The performance of an Er-doped amplifier depends
on the magnitude and wavelength dependence of the
emission and absorption cross sections. Together
with the Er concentration profile, the optical inten-
sity profile, and the waveguide loss, knowledge of
these parameters enables a first-order estimate of the
potential optical gain. Al,O5 waveguide films on sil-
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icon wafers are interesting as a host material for Er
because waveguide fabrication technology is well de-
veloped for this material.3 Low-loss, single-mode
waveguides can be fabricated using standard photo-
lithographic techniques. The high-index contrast be-
tween SiO, cladding and the Al,O5 core results in a
high mode intensity in the waveguides and allows for
a small bending radius and thus compact waveguide
devices. In addition, our earlier research has shown
that high concentrations of optically active Er can be
incorporated into this material.4 To predict the opti-
cal gain in an Er-doped Al,O5 waveguide, we deter-
mine the absorption and emission cross section for
Er®" in such a waveguide. It should be noted that the
actual gain performance is also determined by pro-
cesses such as concentration quenching, cooperative
upconversion, and excited-state absorption.>

Direct measurement of both emission and absorp-
tion cross sections is difficult; in practice it is easier to
measure absorption by standard techniques and cal-
culate the emission cross section from absorption re-
sults, which is referred to as the McCumber theory or
method of reciprocity.6-8 Based on a detailed bal-
ance, o;; = 0;;, where o;; is the cross section for ab-
sorption from sublevel i to sublevel j, and o; is the
corresponding emission cross section. This also im-
plies that the total emission cross section o, (v) at a
frequency v is related to the absorption cross section

O abs (V) .

Z
Tem(V) = Tape(V) Z—l exp[(Ez, — hv)/ET], (1)
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Fig. 1. Depth profile of an Er-implanted Al,O4 waveguide show-
ing the Er concentration profile derived from Rutherford backscat-
tering spectrometry (solid curve). The dotted curve shows the
calculated optical mode profile at 1.53 pm.

where Z, and Z; are the partition functions of the
upper and lower states, respectively, E,; is the en-
ergy difference between the bottom of the upper (ex-
cited) state manifold and the bottom of the ground
(lower) state manifold (the so-called zero-line energy),
T is temperature, and %k is Boltzmann’s constant.
The only assumption in this theory is that the time to
establish thermal equilibrium in each manifold is
short compared with the lifetime of the manifold,
which is the case for the *I;, 12— I.s /2 transitions of
Er** in Al,O; (~10-ms lifetime).

Here we used prism coupling measurements to de-
termine the optical absorption of Er-implanted Al,O4
slab waveguides as a function of wavelength. Using
the Er implantation depth profile and the calculated
optical mode profile, we determined the correspond-
ing absorption cross sections. The emission line
shape was measured using photoluminescence spec-
troscopy. We used the McCumber theory to calcu-
late the emission cross section spectrum. Finally,
the determined cross sections are compared to other
Er-doped materials.

2. Experimental

Planar single-mode Al,O; waveguides were fabricated
by sputter deposition resulting in a 0.6-pm-thick Al,O4
layer on a 6-pm-thick thermal oxide on a Si (100) sub-
strate. Er was implanted into the Al,O; film at 1.35
MeV to a fluence of 2.5 X 10 Er/cm?, with the sample
held at 77 K. Following implantation, the films were
annealed at 825 °C to minimize the waveguide loss3
and to activate the implanted Er.¢ Subsequently, a
1.35-pm-thick top SiO, cladding was deposited, and
the complete structure was annealed at 700 °C.
Figure 1 shows a depth profile of the waveguide indi-
cating the Al,O4 layer as well as the optical mode
intensity profile in the waveguide (dotted curve). The
latter was calculated from the known thickness of the
guide and the refractive indices (n) of the Al,O5 core
(n = 1.64) and SiO, cladding (n = 1.44) layers. The
refractive indices of these films were measured using
prism coupling. Figure 1 also shows the Gaussian Er
implantation profile derived from Rutherford back-
scattering spectrometry that was measured before
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Fig. 2. Prism coupling measurements of the optical loss in an
Er-implanted Al,O; waveguide film for two different wavelengths.

320-nm
The Er

deposition of the top cladding (solid curve:
depth, 170 nm full width at half-maximum).
peak concentration is 1.5 at. %.

Optical absorption measurements were performed
by coupling light from a tunable external cavity laser
(1.443-1.566 pm) into the Er-implanted Al,O4
waveguide film using a high-index prism (n = 1.7356)
and index-matching fluid. A second prism was em-
ployed to couple the light out of the film and onto a Ge
detector. By moving the second prism relative to the
first, the intensity in the waveguide was probed as a
function of distance. Photoluminescence spectros-
copy was performed using the 514.5-nm line of an Ar
laser as the excitation source and dispersing the lu-
minescence light with a 48-cm single-grating mono-
chromator with a resolution of 3 nm. The light was
detected using a liquid-nitrogen-cooled Ge detector
and lock-in techniques. Data were corrected for the
detection sensitivity so that the relative intensities at
different wavelengths could be compared. All the
measurements were performed at room temperature.

3. Results and Discussion

Figure 2 shows the light intensity in the Al,O4 slab
waveguide as a function of distance, as measured
using the prism coupling technique. The data are
shown on a logarithmic scale for two different wave-
lengths: 1.443 and 1.530 pm. The intensities are
normalized to 1 (0 dB) at 0 mm. The decay of the
intensity with distance is exponential, as indicated by
the linear decrease in Fig. 2. From the slope of the
data we determined the optical loss. The loss at
1.530 pm is 8.4 dB/cm, much higher than the loss of
1.3 dB/cm measured at 1.443 pm.

Figure 3 shows the optical loss (filled circles) mea-
sured by prism coupling for several different wave-
lengths in the 1.443-1.566-pm range. The loss
spectrum peaks at 1.530 um and corresponds to *I;5 5
— 1, /2 (ground state — first excited state) transi-
tionsin Er**.1  Note that the light intensity was low
enough to ensure that no significant population build
up of excited Er®* could take place. Note further
that the measured loss spectrum also contains con-
tributions that are due to scattering and absorption
by the waveguide itself. In undoped waveguides
this loss amounts to 0.35 dB/ecm.? For implanted
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Fig. 3. Optical loss (filled circles and dashed curve, left scale) as
a function of wavelength for an Er-implanted Al,O; waveguide
film. For comparison, the photoluminescence emission spectrum
of the same sample is shown (solid curve, right scale).

waveguides we assume the same amount of intristic
waveguide loss; the measured loss data in Fig. 3 show
that, at the edge of the Er absorption spectrum (A =
1.44 pm), the total (Er and intrinsic) waveguide loss
is approximately 1 dB/ecm and continues to decrease.
Figure 3 also shows the photoluminescence spectrum
measured on the same sample (solid curve, right ax-
is). As no absolute intensities were measured, the
spectrum is plotted in arbitrary units. The shape of
the spectrum is again characteristic of Er®* and cor-
responds to *I,, o 1.5 2 (first excited state to
ground state) transitions.!

The measured absorption and emission spectra
shown in Fig. 3 can be used to derive the correspond-
ing absorption and emission cross sections. The loss
of light power P(z) as a function of distance z along
the waveguide is

dP(z)
& —Oans(N) f N(y)(y)dyP(z), (2)

where N(y) is the Er concentration depth profile and
I(y) is the optical mode profile of light in the
waveguide, with y being the depth coordinate.
Oaps(N) 1is the cross section for absorption that de-
pends on wavelength \. The integral [ N(y)I(y)dy
can be evaluated using the Er implantation and op-
tical mode profiles given in Fig. 1 and amounts to
3.15 X 10%° cm 3. Equation (2) now gives a linear
relation between the measured waveguide loss and
the absorption cross section of Er®*. Note that, in
the horizontal x direction, the slab waveguide has no
boundaries, which means that the 1-mm-wide colli-
mated laser beam is not confined in this direction and
is collected completely by the second prism.

Figure 4(a) shows the absorption cross section of
Er®** in Al,O,, as determined when we used Eq. (2)
from the optical loss spectrum shown in Fig. 3, after
subtraction of the intrinsic waveguide loss. It is
assumed that all the implanted Er is optically ac-
tive. This assumption is supported by previous
measurements of the Er concentration dependence
of the photoluminescence.* The peak cross section
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Fig. 4. Cross section spectra for the *I,; /2—4115 /o transition in
Er-implanted Al,O;: (a) absorption as determined from prism
coupling measurements (circles and solid curve), the dashed curve
is an extrapolation; (b) emission calculated from the absorption
data with the McCumber theory (circles and solid curve) and the
measured photoluminescence spectrum (dotted curve) scaled to
overlay the calculated spectrum.

for absorption is found to be 5.9 X 107 2! cm? at
1.530 um. At the commonly used 1.48-pm pump
wavelength for Er-doped amplifiers, the absorption
cross section is 3.0 X 1072! cm?.

By applying the McCumber theory [Eq. (1)], the
emission cross section spectrum can be calculated
from the absorption spectrum in Fig. 4(a). The re-
sult is shown as circles in Fig. 4(b). We have as-
sumed here that the ratio of the partition functions,
z;/z, in Eq. (1), equals unity. This assumption is
supported by measurements on two other materials
with a crystal structure similar to that of Al,O4:
Er,0; (Ref. 9) and Y,04 (Ref. 10) both show a parti-
tion function ratio close to 1. In general, for Er®* the
different manifolds all have similar energy spacing
between the sublevels, leading to a partition function
ratio that is always close to unity.

Figure 4(b) also shows the shape of the emission
curve measured by photoluminescence spectroscopy
(dotted curve). The spectrum is scaled to overlay the
absolute emission cross section spectrum calculated
by the McCumber theory (circles). Good agreement
between photoluminescence and the McCumber data
is observed. Because the absorption spectrum of
Fig. 4(a) and the corresponding McCumber emission
spectrum could be determined only between 1.443
and 1.566 pm, we used the photoluminescence spec-
trum to determine the emission cross section outside
this range. Applying Eq. (1) to this result also gives
values for the absorption cross sections outside the
initially measured range [dashed curve in Fig. 4(a)].

The determined cross sections compare well with
those measured for Er®* in other waveguide host
materials. For example, the peak emission cross
section for Er®* in Al,O, codoped silica glass fiber is
4.4 x 10~2! ¢cm?,11 compared with 6.1 X 102! c¢m?



found here for Al,0;. Knowledge of the cross sec-
tions enables one to obtain a first-order estimate of
the optical gain at 1.5 pwm, which is attainable in an
Er-doped Al,O4 single-mode ridge waveguide. In
principle, one can achieve a net optical %ain of 3
dB/cm in a waveguide doped with 5 X 10%° Er/cm?
(=0.5 at. %) in the core and using a pump wave-
length of 1.475 pm. Note that concentration
quenching effects such as cooperative upconversion
need to be taken into account for a realistic predic-
tion of the optical gain.12:13 The effect of upconver-
sion in Er-doped planar waveguides has been
presented in another study.? Recent measure-
ments on Er-implanted Al,O; waveguides with a
lower Er concentration (~0.2 at. %) have demon-
strated 2.3-dB/cm net optical gain for a pump
power of only 9 mW.14

4. Conclusions

In conclusion, the emission and absorption cross sec-
tions of Er®" in an Er-implanted Al,O; slab waveguide
have been determined. Using prism coupling mea-
surements we determined the absorption spectrum
that could be converted to the absorption cross sec-
tion spectrum through knowledge of the Er concen-
tration and optical mode profiles. McCumber theory
was used to derive the emission cross section spec-
trum from the absorption data. The calculated
emission spectrum is in good agreement with the
measured photoluminescence spectrum. The cross
sections for Er** in Al,O; compare well with those of
Er®" in other waveguide host materials. The results
can be used to predict the performance of Er-doped
Al,O5; amplifiers and lasers that operate in the
1.5-pm window.
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