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ABSTRACT

Spiral-waveguide amplifiers in erbium-doped amorphous aluminum oxide are fabricated by RF reactive co-sputtering of
1-um-thick layers onto a thermally-oxidized silicon wafer and chlorine-based reactive ion etching. The samples are
overgrown by a SiO, cladding. Spirals with several lengths ranging from 13 cm to 42 cm and four different erbium
concentrations between 0.5-3.0x10* cm™ are experimentally characterized. A maximum internal net gain of 20 dB in
the small-signal-gain regime is measured at the peak emission wavelength of 1532 nm for two sample configurations
with waveguide lengths of 13 c¢m and 24 ¢cm and erbium concentrations of 2x10*° cm™ and 1x10%° cm?, respectively.
The obtained gain improves previous results by van den Hoven ef al. in this host material by a factor of 9. Gain
saturation as a result of increasing signal power is investigated. Positive net gain is measured in the saturated-gain
regime up to ~100 uW of signal power, but extension to the mW regime seems feasible. The experimental results are
compared to a rate-equation model that takes into account migration-accelerated energy-transfer upconversion (ETU)
and a fast quenching process affecting a fraction of the erbium ions. Without these two detrimental processes, several
tens of dB/cm of internal net gain per unit length would be achievable. Whereas ETU limits the gain per unit length to 8
dB/cm, the fast quenching process further reduces it to 2 dB/cm. The fast quenching process strongly deteriorates the
amplizgler p3erf0rmance of the Al,O3:Er’” waveguide amplifiers. This effect is accentuated for concentrations higher than
2x107 cm™.

Keywords: Amorphous aluminum oxide, erbium, optical gain, waveguide amplifier, spiral amplifier, rate-equation
model.

1. INTRODUCTION

Rare-earth-doped materials have been of great interest because of their capability of optical amplification [1-5] and
lasing [6,7]. In particular, erbium-doped materials offer a solution for signals around 1.53 pm in the telecommunication
C-band [7]. In comparison with semiconductor optical amplifiers (SOAs) [8], rare-earth-doped optical amplifiers offer
longer excited-state lifetimes [9], providing the capability for high-speed amplification [10] in the non-saturated-gain
regime. Besides, a small gain dependence on temperature was demonstrated in different erbium-doped fibers [11,12] and
waveguides [13]. Refractive index changes, usually observed in SOAs as a result of generating electron-hole pairs, are
significantly weaker in rare-earth-doped materials [14]. Erbium-doped aluminum oxide (Al,05:Er’") offers a broadband
gain spectrum of 80 nm width [5], required for wavelength-division multiplexing (WDM). In addition, rare-earth-doped
AL Os is easily deposited onto oxidized silicon substrates and patterned employing CMOS-compatible processes,
facilitating its integration with different waveguide platforms including Silicon-on-Insulator (SOI) [15], polymer [16],
and silicon nitride [17,18]. In our approach, a film of erbium-doped aluminum oxide is deposited onto oxidized silicon
wafers by RF reactive co-sputtering from metallic targets in an oxygen atmosphere [3]. Low-loss channel waveguides
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are patterned via UV lithography in the AL,Oy:Er*" layers, which are then processed by chlorine-based reactive ion
etching [19] to define the waveguide channels.

Inhomogeneous linewidth broadening present in glass-doped materials decreases the transition cross-sections of rare-
earth ions. Furthermore, energy-transfer up-conversion (ETU) among Er’* ions and fast quenching processes [9,20,21]
diminish the population inversion. Fast quenching processes arise from energy transfer to impurities, to host-material
defects, or to neighboring clustered ions via static ETU [9,20,21]. In Al,O;, a fast quenching process limits the functional
range of erbium doping concentrations for amplification [9]. As a consequence, the gain per unit length in ALOs:Er’* is
limited to a maximum of 2 dB/cm for a doping concentration of ~2x10* ¢cm™ [5]. Channel waveguide amplifiers with
lengths on the order of tens of centimeters are required to obtain substantial gain.

2. WAVEGUIDE DESIGN AND FABRICATION

Design considerations for an efficient waveguide amplifier require a geometrical waveguide cross-section that allows
fundamental-mode operation at the pump and signal wavelengths. In addition, an overlap of both signal- and pump-mode
fields with each other and with the active region is preferred, because it increases the interaction of the active ions in the
waveguide with the signal-/pump-mode field. Decreasing the geometrical cross-section of the channel waveguide
increases the intensity of the mode field [22], which serves two purposes, firstly, to tightly confine the mode field when
non-straight waveguides are required and, secondly, to increase the pump intensity within the channel that, in principle,
will result in higher pump absorption and, thus, higher population inversion and gain. As a consequence, lower pump
powers will be needed to reach the gain threshold at the signal wavelength when comparing to the channel geometry
applied in [5].

Since the *I,,,, lifetime is ~2 orders of magnitude smaller compared to the *I,3,, lifetime, a higher population density in
the *I,3, level is expected compared to the *I;, level. Consequently, following the results presented by Bradley et al. [5],
the pump wavelength selected for the experiments was 976 nm instead of 1480 nm, because the stimulated emission on
the 4113/2 o sp transition at the pump wavelength of 1480 nm plays a stronger role than at the T < L 5 pump
transition at 976 nm.

The Finite Difference (FD) algorithm in the Phoenix Field Designer software [23] was used to simulate the mode-field
profile during the design of the waveguide cross-section, see Fig. 1(a), and the refractive indices were taken from [24].
The selected geometry consisted of a rib waveguide with a channel width of 1.5 um and a channel height of 1 um, with a
ridge height of 0.35 pum. For this channel geometry, an overlap of ~95% and ~85% of the mode-field profile for the
pump (4 =976 nm) and signal (A = 1532 nm), respectively, with the active region was determined. In Fig. 1(a) the signal-
mode-field profile is shown over the waveguide cross section. Transverse-electric (TE) polarization was considered for
the simulations and experiments.
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Figure 1. (a) Geometrical cross-section of the channel waveguide, with the mode-field simulation at 1.53 um superposed. (b)
13-cm-long spiral-waveguide design. (Figure taken from [13].)
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Layers of ALLO; doped with Er*" were deposited onto oxidized silicon wafers using RF reactive co-sputtering [3]. UV
lithography followed by chlorine-based reactive ion etching [19] was applied to pattern the waveguide channels on four
ALOs:Er’" films with different doping concentrations of N; = 0.45x 10%cm™, 0.95x10%%m™, 1.92x10*cm™, and
3.0x10*%m™. A top-cladding layer of SiO, was deposited onto the active layer via PECVD. Unlike erbium-doped
phosphate glasses [22,25], in ALOs:Er’* fast lifetime quenching was reported for doping concentrations above 3.0 X 10*°
cm” [9], which governed our choice of lower doping concentration. To compensate for the low pump absorption at low
doping concentrations and, consequently, lower inversion density, longer interaction distances between the pump and
signal light and the active material were required. Spiral-shaped waveguides, see Fig. 1(b), were designed to minimize
the footprint of the waveguide amplifiers on the wafer. Eight spirals of different length, from 12.9 cm to 41.6 cm, were
patterned on each of the four samples with different Er’* concentration. For the minimum bending radius of R = 2 mm
bending losses of <10 dB/cm were simulated. Losses at the center of the spiral due to the mode mismatch were
estimated via simulations to be ~0.02 dB. Both losses are below the estimated propagation losses of ~0.1 dB/cm.

3. CHARACTERIZATION

Passive characterization of the waveguides was performed with a non-destructive method proposed by Okamura et al.
[26]. A top-view image of the light scattered from a quarter of the spiral waveguide was captured using a InGaAs
camera. An example image is shown in Fig. 2(a). A fiber-coupled diode-pumped neodymium laser (A = 1320 nm) was
applied as a light source. The waveguide propagation losses were determined by recording the scattered light intensity as
a function of propagation length as shown in Fig. 2(b). The intensity of the scattered light is proportional to the intensity
inside the channel, thus it is possible to correlate the scattered intensity as a function of propagation length with the Beer-
Lambert law. The slope of the linear fit to the intensity distribution in semi-logarithmic scale determines the intensity
decay rate in dB/cm. The lithographic mask was used to calibrate the spiral dimensions of the image. At 2 = 1320 nm the
propagation losses in the spiral waveguide are caused mainly by the material and fabrication defects, and the presence of
Er’" does not influence the background propagation loss measurements. Bradley et al. [5] found that the propagation
losses, tbs(4), in Al,O5:Er’" at 1530 nm and 980 nm were similar and ~0.18 dB/cm higher to the propagation losses at 4
= 1320 nm. Background propagation losses in the spirals were determined to be, in average, 0.19+0.17 dB/cm.
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Figure 2. (a) Infrared image of the scattered light at A = 1.32 um from a quarter of the spiral-shaped waveguide amplifier. (b)
Intensity distribution in semi-logarithmic scale of the scattered infrared light along the propagation direction. Circles
represent the measured intensity values, while the dashed line represents the linear fit to the data as a function of
propagation length. (Figure taken from [13].)

For the gain characterization the pump-probe method was employed. The experimental setup consisted of a fiber-coupled
diode (A = 976 nm) serving as the pump, which was combined with the fiber-coupled signal laser (A = 1532 nm) using a
fiber-based WDM. The fiber output from the WDM was aligned to the input of the spiral waveguide. At the output end
of the spiral waveguide a second fiber-based WDM was aligned to couple the output and separate the remaining pump
from the amplified signal. The signal was modulated at 280 Hz, since lock-in amplification was required to discriminate
the amplified signal from the amplified spontaneous emission. The signal intensity was measured with the pump source
on, /,,(4), as well as with the pump source off, /,¢(4). Then the gain was determined by the equation
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Figure 3. Internal net gain measured in ALOy:Er’" spiral waveguides with different Er’* concentrations (symbols) and
simulated gain (lines) as a function of propagation length for different Er’* concentrations. The rate-equation model
presented in [9,13], which includes ETU and a fraction of fast-quenched ions, was used for the simulations.

where a(4) is the wavelength-dependent absorption coefficient of Er'* in dB/cm, and ¢ is the spiral length. Figure 3
presents the small-signal gain measured in 21 spiral amplifiers of different lengths and Er’* doping concentrations. The
incident signal and pump powers were Py ~ 1 uW and P, ~ 250 mW, respectively. In average, 10% of the incident
powers were coupled into the waveguide. From Fig. 3 one can observe that for low doping concentration lower gain is
achieved due to low pump absorption and, thus, low inversion density. If the doping concentration significantly
increases, the pump power available at the back part of the spiral waveguides is not enough to maintain the population
inversion and, thus, the signal is reabsorbed, hence at longer spirals the gain drops. A maximum net gain of 20 dB was
measured for two samples with lengths of 24.45 and 12.9 cm and doping concentrations of 0.95x10%° and
1.92x10° ecm™, respectively. The lines in Fig. 3 display the simulation results employing the quenched-ion model
suggested by Agazzi et al. [9] and applied by the authors in [13]. From the simulation results, it is observed that the
effect of fast quenching and ETU is accentuated at higher doping concentrations (3x10*° cm™), where less than 10 dB of
total internal net gain was measured.
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Figure 4. Maximum internal net gain at different signal powers, for a 24.45-cm-long spiral waveguide with a Er’*
concentration of 0.95x10% ¢cm™. Measurement results are presented by the symbols, while the line displays the simulation
results using the rate-equation model presented in [13]. (Figure modified from [13].)
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Gain saturation as a function of signal power was measured in a 25.45-cm-long spiral with N, = 0.95x10*" cm™. The
gain measurement and calculation were performed as previously described. The launched signal power was varied
between —42 to -5 dBm, while the pump power remained constant as aforementioned. Gain saturation induced by
increased signal power is presented in Fig. 4. When the signal power is increased, the stimulated emission of the
signal at the beginning of the waveguide increases the population of Er’* ions in the ground state. Since the pump
power remains fixed, the Er’* ions in the ground state at the beginning of the waveguide absorb more of the pump
power available, reducing the pump power at the rear part of the waveguide, thus causing lower population
inversion, more signal reabsorption and, therefore, lower gain. However, reasonable gain (>5 dB) was measured
even in the strong saturated conditions and above 10 dB for launched signal powers lower than —15 dBm.

4. SUMMARY

The design of spiral amplifiers and their fabrication in ALO;:Er’" have been demonstrated. Propagation losses in the
spiral-shaped waveguides were determined and, in average, are 0.19 dB/cm. Experimental gain results of 21 spiral
shaped amplifiers of different length and Er’* doping concentration were presented. Gain was simulated with an
advanced amplifier model [9,13] for the range of lengths and doping concentrations available for the samples, and results
show good agreement with the experimental results. A maximum total gain of 20 dB was determined for two samples
with lengths of 12.9 and 24.45 ¢m and doping concentrations of 0.95x10% cm™ and 1.92x10% ¢cm™, respectively. Gain
saturation as a function of signal power was measured and simulated. 5.5 dB of net gain was measured in the saturated
regime (-7dBm).
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