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Sputtered polycrystalline aluminium oxide (A1:03) is a waveguide material platform that has gained a lot
of attention because of its ability to be doped with rare earth ions. In previous work, Al;O3 has been
successfully doped with rare-earth ions such as erbium (Er3*), thulium (Tm*"), and ytterbium (Yb>*) to
realize on-chip amplifiers and lasers.

This work focusses on neodymium (Nd**) ions, which is a rare-earth ion that can be doped into the Al>O;3
waveguides to achieve on-chip light generation at a wavelength of 1064 nm. Light generation at this
wavelength is relevant in different applications, including medical imaging, spectroscopy, atmospheric
LiDAR or quantum computing, which now heavily rely on the use of large and bulky Nd:YAG lasers. The
need for such complex laser sources prevents widespread use of photonic integrated circuits in these
respective fields. The realization of on-chip amplifiers operating at this wavelength can aid in making the
aforementioned applications more scalable. To optimize and simulate the behavior of these amplifiers, the
excited state lifetime, emission and absorption cross sections must be determined. This work describes the
experimental methods needed to obtain the data necessary for these calculations.

Introduction

The use of rare-earth (RE*') ions has been a key driver of progress in long-haul
telecommunication and coherent communication [1, 2]. Translating the performance of
these fiber-based amplifiers to photonic integrated circuits could be a disruptive
advancement for short-reach communication, datacom [3, 4], and quantum photonics [5],
where size, scalability, and manufacturability of high-performance amplifiers are
essential.

Using aluminium oxide (Al>O3) as a host material addresses the scalability and power-
handling limitations found in other waveguide platforms such as SizN4 and TFLN [6-8].
The Al,Os films are deposited using wafer-scale reactive radiofrequency magnetron
sputtering [9], a process that enables co-sputtering with rare-earth metal targets to directly
produce doped films, fully leveraging the material’s high rare-earth ion solubility [10].
Aluminium oxide is known for its very low propagation losses [21]. Moreover, the nature
of the sputtering process allows seamless monolithic integration with passive waveguide
platforms [11]. In addition, Al,O3 exhibits a very low nonlinear index [12], comparable
to that of Si0», and in its polycrystalline phase [9], it exhibits very good power handling
[13] along with the ability to perform high-temperature annealing [14].

In ongoing work, fiber-to-fiber gain of 14.5 dB has been obtained with Nd-doped
aluminium oxide (AlO3:Nd**) waveguides at a wavelength of 1064 nm. While the
achieved fiber-to-fiber gain is high, it is important to understand how such an amplifier
behaves when its properties are varied. For example, it is crucial to be able to model the
amplifier performance to investigate performance changes when the amplifier length is
varied or alternative pumping schemes are used. The ability to simulate the amplifier
response is key to improving efficiency, achieving higher gain, and maintaining a low
noise figure. Moreover, a reliable model that predicts gain at 1064 nm can support the
optimization of the amplifier for operation in the O-band, which is especially relevant for



data communication applications. To fully describe the amplifier behavior, the
spectroscopic properties of the Al,03:Nd>" must be determined. This work presents the
methodology used to measure these properties and reports the obtained values for the
lifetime as well as the emission and absorption spectra.

Lifetime

The characterization of the neodymium-doped aluminium oxide (Al,O3:Nd*")
waveguides starts with a measurement of the excited state lifetime of the Nd** ions. The
radiative lifetime is measured by optically pumping the Nd*>* to the *Fs, state, from which
it instantly decays non-radiatively into the metastable *Fs; state [15]. Over time, the ion
will decay spontaneously to the “Io/2, “I11/2 or *I13/2 state upon emission of a photon. These
spontaneously emitted photons are collected from the top of the waveguide with a large
core multimode fiber (Thorlabs M119L03 - ¥400 pm core) and the power is measured
by a biased InGaAs detector (Thorlabs DET05D2). The schematic of this setup is depicted

in figure 1.
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Figure 1. Schematic of the setup for measuring the lifetime of the Nd** ions through top-collection of the

spontaneously emitted photons.
The pump source used in this experiment is a laser diode (Thorlabs FPL785P) controlled
by a Thorlabs CD1015 diode controller. The current driving the laser is modulated by a
waveform generator (Agilent 33120A Arbitrary Wavefront Generator). Modulating the
laser diode current causes the pump laser to effectively switch on-off with a fixed
frequency and duty cycle. A square wave with a frequency of 20 Hz is used for the
modulation of the laser diode and the emitted photons are collected over two consecutive
modulation periods with a sampling frequency of 50 kHz. Since power of the collected
spontaneously emitted photons is very small, the measurement is repeated to get clean
data from which the lifetime can be extracted. To do so, the data is averaged over a
thousand identical measurements. An example of the data resulting from such a lifetime
measurement is included in figure 2. Fitting an exponential decay to the measured data
results in a lifetime of 256.0 = 11.1 ps, which matches values reported by [15].
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Figure 2. Measured signal showing the exponential decay of the spontaneously emitted photons
including the exponential fit that represents the lifetime.



Emission spectrum

After measuring the lifetime of the ions, the next measurement in the characterization of
the waveguide amplifiers is the emission spectrum. The measured emission spectrum, in
combination with the measured lifetime, absorption spectrum and ion concentration, can
be used to calculate the emission and absorption cross sections [16]. The emission
spectrum is measured with a setup identical to the one depicted in figure 1, without
modulating the pump. Furthermore, the collected photons are now analyzed with an
optical spectrum analyzer (Yokogawa AQ6375E) instead of the InGaAs detector, to
directly obtain the emission spectrum. A measurement of the emission spectrum is
included in figure 3. As expected, the emission peaks around 1.06 um and this emission
is significantly stronger than the emission at 1.3 um. Due to the limited wavelength range
of the optical spectrum analyzer, emission around 880 nm, corresponding to the *F3, to
o> transition, is not observed.
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Figure 3. Measurement of the emission spectrum showing that the emission peaks around 1070 nm and
1330 nm.

Absorption spectrum

The absorption spectrum is obtained by measuring the loss in dB/cm as a function of
wavelength. The losses are studied close to a wavelength of 800 nm, representing the
excitation from the *Io,, state to the *Fs, state. The losses are determined by coupling light
from a tunable Ti:sapphire laser into a spiral waveguide. The intensity of the scattered
light is measured with a camera. Based on this image, showing the intensity along the
path of the spiral waveguide, the propagation loss « is extracted using

P = Py exp(—al), (1)

An example of such a measurement is shown in figure 4 (a). Figure 4 (b) shows the loss
spectrum, i.e., absorption spectrum, that is obtained by measuring the losses for a large
range of wavelengths.
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Figure 5. (a) Example of a camera-based loss measurement at 800 nm to find the propagation and
absorption losses. (b) Full spectrum of the measured propagation and absorption losses.



The measurement of the losses shows that an absorption peak centered at a wavelength
around 805 nm. Consequently, it is recommended to perform the experiments in which
the waveguides are used as amplifiers with a pump wavelength of 805 nm. After
measuring the precise Nd** concentration, the absorption losses, as well as the measured
emission spectrum, can be used to calculate the absorption and emission cross sections.

Conclusion

The neodymium-doped aluminum oxide (Al20s:Nd**) waveguides are a promising
platform for integrated amplifiers and lasers since the waveguide show spontaneous
emission at both 1.06 pm and 1.3 um. These measurements, along with the measured
excited-state lifetime, emission, and absorption spectra provide the spectroscopic data
required to model and optimize amplifier performance. These findings enable accurate
performance modeling and support the design of efficient, high-gain on-chip amplifiers.
The demonstrated approach paves the way for compact, scalable, and manufacturable
light sources that can extend the use of Nd**-based devices.
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