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Abstract: Neodymium (Nd) doped amorphous silicon nitride films with 
various Si concentrations (Nd:SiNx) were fabricated by reactive magnetron 
co-sputtering followed by thermal annealing. The time dynamics of the 
energy transfer in Nd:SiNx was investigated, a systematic optimization of its 
1.1 μm emission was performed, and the Nd excitation cross section in SiNx 
was measured. An active Nd:SiNx micro-disk resonator was fabricated and 
enhanced radiation rate at 1.1 μm was demonstrated due to stimulated 
emission at the whispering gallery resonant modes. These results provide an 
alternative approach for the engineering of Si-based optical amplifiers and 
lasers on a silicon nitride materials platform. 

©2011 Optical Society of America 

OCIS codes: (230.5750) Resonators; (130.3120) Integrated optics devices; (160.5690) Rare-
earth-doped materials; (140.3948) Microcavity devices; (140.5680) Rare earth and transition 
metal solid-state lasers. 
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1. Introduction 

A major objective in silicon photonics research is the development of novel Si-compatible 
materials for the engineering of efficient light sources directly integrated on optical chips. 
Recently, erbium doping of silicon nitride films (Er:SiNx) has been proposed and investigated 
as a promising host platform characterized by efficient energy sensitization of Er emission, 
reduced free carrier losses at 1.54 μm [1–3], and compatibility with high quality photonic and 
plasmonic structures [4–7]. Moreover, based on the Er:SiNx materials platform, efficient 
electroluminescence, stimulated emission and pump-induced transparency of Er transitions at 
1.54 μm have recently been demonstrated in electrical devices and high-quality nano-photonic 
cavities, respectively [6–9]. However, as the development of Si-compatible light sources, 
micro-resonators, and low loss silicon nitride waveguides is steadily progressing [10], it is 
important to investigate alternative materials approaches capable of providing optical signals 
at shorter wavelengths within the wide transparency window of the active SiNx platform. 
Moreover, larger gain cross sections than the ones available by traditional erbium doping are 
also highly desirable. Based on these desiderations, we believe that neodymium (Nd) doping 
of silicon nitride structures could provide a potential solution for Si-based on-chip optical 
sources in the 1.1 μm spectral region. However, little is known on the radiative properties of 
Nd atoms embedded in the silicon nitride host matrix (Nd:SiNx), despite the 4-level energy 
structure of the 1.1 μm transition makes Nd ideally suited for the engineering of ultra low 
threshold lasers on a low-loss, silicon-compatible materials platform [11]. However, in order 
to fully leverage on this potential, it remains to be investigated if the Nd:SiNx materials 
approach can also benefit from reduced free carrier absorption at 1.1 μm, efficient energy 
sensitization of the optical emission, and enhanced stimulated emission rates compared to the 
more established Er:SiNx platform [12,13]. 

In this letter, we study the energy sensitization of the 1.1 μm Nd:SiNx photoluminescence 
(PL), its time dynamics and optimization in thin films fabricated by reactive magnetron 
sputtering in a large range of Nd and Si concentrations. Finally, we demonstrate enhanced 
radiation rate around 1.1 μm due to the coupling of stimulated emission with the resonant 
whispering gallery modes of an active Nd:SiNx micro-disk resonator. 

2. Fabrication 

2.1. Nd:SiNx films deposition 

Nd:SiNx films were deposited at room temperature by N2 reactive magnetron co-sputtering of 
Si and Nd targets in a Denton Discovery 18 confocal sputtering system. The relative 
concentration (at. %) of Si atoms in the sample was controlled between 44 and 49 by varying 
the N2/Ar flow ratio. The Si and Nd cathode powers and deposition pressure were kept 
constant for all samples. Post annealing process was performed in a rapid thermal annealing 
furnace at temperatures between 600 and 1150 °C for 200 s under forming gas (5% H2, 95% 
N2) atmosphere. The refractive indices and thicknesses of the samples were extracted by 
spectroscopic ellipsometry (A. J. Woollam VASE) using the Cauchy model. The atomic 
concentrations of Nd in the films were measured by Rutherford Back Scattering (RBS) 
assuming constant atomic density (9.53 × 10

22
 atoms/cm

3
) and a layer composition of 

SiNxNdy [14]. 
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2.2. Nd:SiNx microdisk fabrication 

A chromium mask was deposited after electron beam lithography to form circular patterns on 
the Nd:SiNx film defining the microdisk structure. Sulfur hexafluoride (SF6) and Ar gases 
were used to dry etch the Nd:SiNx and Tetramethylammonium Hydroxide (TMAH) was used 
to under etch the Si substrate underneath and to create the disk pedestal. 

3. Experiment 

3.1. Steady-state, time-resolved photoluminescence (PL) and PL excitation spectroscopy 

The PL spectra of Nd:SiNx were excited at room temperature using a 458 nm line of an Ar ion 
laser (Spectra Physics, 177–602), which is non-resonant with the energy levels of Nd

3+
 ions, 

and detected using an extended photomultiplier tube (Hamamatsu R5509–73). Figure 1 (a) 
shows a typical PL spectrum of Nd:SiNx obtained under steady state laser excitation. The 
spectrum features three main PL peaks corresponding to the three electronic radiative 
transitions of Nd

3+
 ions. The inset of Fig. 1 schematically represents the Nd energy diagram 

for the relevant transitions investigated in this paper. We notice that despite the 
4
F3/2 – 

4
I9/2 

transition centered on around 900 nm results in the strongest PL intensity, it is less interesting 
than the other two since it corresponds to the energetics of a three level system [15,16]. On the 
other hand, the 

4
F3/2 – 

4
I13/2 and 

4
F3/2 – 

4
I11/2 transitions provide a 4-level system recombination 

scheme and are therefore more appealing for the engineering of low threshold lasers. 
In Fig. 1 (b) we provide direct evidence by PLE measurements of energy sensitization of 

the 1.1 μm Nd emission in a SiNx host matrix. A monochromatized Xe lamp was used as the 
light source for the photoluminescence excitation (PLE) experiments. All PLE spectra were 
intensity corrected by the spectrum of the Xe lamp and calibrated by the system response. In 
fact, we recall that a typical absorption spectrum for rare earth (RE) ions in the absence of 
energy sensitization from the host matrix should appear as a set of discrete peaks, 
corresponding to the inhomogeneous broadening of atomic RE levels. In particular, for the 
case of Nd two absorption peaks at 510 nm and 520 nm should be detected [15,16]. However, 
PLE spectra shown in Fig. 1 (b) do not reveal any well-defined peaks, which implies strong 
energy sensitization of Nd emission by the dielectric host matrix. Moreover, we observe in 
Fig. 1 (b) that the normalized PLE spectra red shift with the excess Si concentration in the 
films, following the modulation of the localized states of the SiNx band-tail absorption, 
analogously to what was shown for the 1.54 μm emission of Er:SiNx [1,2]. In Er:SiNx we 
recently demonstrated that the efficient energy transfer to Er ions originate from the coupling 
to the high density of localized states in the band-tails of the amorphous SiNx matrix [1,2]. 
Additionally, we showed that this type of energy transfer occurs on the nanosecond time scale 
[3]. 

We investigate the dynamics of energy transfer in Nd:SiNx. Time-resolved PL experiments 
in the visible spectral range (SiNx emission) were performed in Fig. 1(c) using a frequency 
doubled Ti:sapphire laser (Mai Tai HP, Spectra Physics) with 100 fs pulses at 430 nm and the 
emission was detected by a streak camera (Hamamatsu, C4770) with 10 ps time resolution. 
The energy transfer process leading to sensitization of the Nd emission can be considered as a 
non-radiative decay channel for the light-emitting SiNx matrix, driven by the Nd 
concentration. Figure 1 (c) indeed shows a pronounced decrease, on the nanosecond 
timescale, of the SiNx PL lifetime for samples with increasing Nd concentrations. By 
following the same steps of the analysis performed for Er:SiNx in Refs. [3,12], we can 
estimate from the data in Fig. 1 (c) an energy transfer time from SiNx to Nd ions in the range 
of 1 ~10 ns. This is of the same order of what we found for Er:SiNx, suggesting a similar 
nature for the energy transfer mechanism. In order to support further this interpretation, we 
measured the effective Nd excitation cross section (σexc) in SiNx [1,2]. We used the PL system 
described above where we additionally modulated the laser pump beam using an acousto-
optic modulator (Isomet, 1205C-2) and an oscilloscope yielding a system time response of 
about 10 µs. In Fig. 1 (d) we show a fit of our data using the well-known linear relation 1/τon = 

σexc + 1/τNd connecting the pumping photon flux () with the inverse of the PL decay (τNd) 
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and rise times (τon). The linear fit of our data resulted in σexc = 7.6 × 10
17

 cm
2
, which is very 

similar to the values measured for Er ions embedded in a SiNx host matrix [1,2]. Additionally, 
given that the measured transfer times are comparable in both Nd:SiNx and Er:SiNx as 
discussed above, we conclude that the Nd emission can also be sensitized by the coupling 
with the localized bandtails states of the common SiNx host matrix (It should also be noted 
that Er

3+
 and Nd

3+
 ions have similar bonding structures in the matrix) [1,2]. 

 

Fig. 1. (a) Nd:SiNx PL spectrum of the sample with a Si at.% of 44 excited by a laser beam at 
458 nm with a power of 1 mW. The inset shows an energy diagram of transitions in Nd ions. 
The red arrows indicate the observed transitions. The dashed arrow shows the nonradiative 
transitions. (b) Normalized PLE spectra with detection wavelength at 1100 nm for samples 
with refractive index of 2.13 (black), 2.16 (red) and 2.26 (green) corresponding Si 
concentrations of 45%, 47% and 49%, respectively. (c) Normalized PL decay traces at 600 nm 
for Nd:SiNx samples fabricated with Nd target powers of 0, 8, 12, 18 and 22 W (increasing in 
the direction of the arrow). (d) The inverse rise time of the PL at 1.1 µm excited at 458 nm with 
different excitation photon fluxes for a Nd:SiNx with refractive index 2.13 (45% Si at.). All 
samples in (a), (b), (c) and (d) are annealed at 1000 °C 

3.2. Optimization of Nd emission in Nd:SiNx 

In Fig. 2 (a) we show the optimization of the 1.1 μm Nd emission intensity in Nd:SiNx with 
respect to deposition and materials parameters. To optimize the PL intensity and emission 
lifetime, the Nd concentration (Fig. 2 (a)), the annealing temperature (Fig. 2 (b)) and excess Si 
concentration (Fig. 2 (c)) were varied. For that purpose, we fabricated Nd:SiNx samples with 
varying Nd concentrations and the same Si concentration of 44 at.% (as optimized in Fig. 2 
(c)). Stronger PL intensity and longer lifetimes are desirable to achieve high efficiency of the 
Nd:SiNx emission. In order to compare the lifetime data of different samples, we have defined 
an effective PL lifetime as τeff = (A1 × t1 + A2 × t2)/(A1 + A2). This choice is due to the 
strongly non-exponential nature of the Nd lifetime shown in the inset of Fig. 2 (b) for a 
representative sample [17]. For all the samples, the PL decay trace can be fitted by a two-
exponential decay model. The fitting parameters for the data in the inset of Fig. 1 (b) are τ1 = 
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50 µs and τ2 = 140 µs with respective amplitudes (branching ratios) of A1 = 0.53 and A2 = 
0.47. 

As shown in Fig. 2 (a), the Nd:SiNx effective PL lifetime at 1.1 µm decreases with Nd 
target power due to concentration quenching and the 1.1 μm PL intensity is optimized with Nd 

concentrations of the order of 10
20

 cm
3

, which is the similar to the case of Nd doped glasses 
[15]. Figure 2 (b) and (c) summarize the evolution of the PL emission lifetime for different 
annealing temperatures and excess Si concentrations, respectively. Moreover, Fig. 2 (d) shows 
the optimization of the PL intensity with annealing temperature. We found that both PL 
intensity and lifetime are optimized at 1000 °C. At higher temperatures, intrinsic defects states 
due to Si and Nd segregation could form in the matrix deteriorating the local environment of 
Nd ions and reducing the PL efficiency, as shown in Er:SiNx films [1,2]. Moreover, we found 
that both PL intensity and lifetime of Nd:SiNx decrease dramatically by increasing the excess 
Si concentration. Since the optical gap of the amorphous SiNx matrix decreases with excess Si 
concentration [2], we expect that an increased density of localized defect states in the matrix 
will couple to the 

4
F3/2 Nd excited state and deteriorate its emission rate and PL intensity due 

to non-radiative recombinations. In summary, our optimization study shown in Fig. 2 has led 
us to conclude that the evolution of PL intensity and lifetime with excess Si, annealing 
temperature and Nd concentration for Nd:SiNx is similar to Er:SiNx, except that Nd ions are 
subjected to more efficient non-radiative recombinations due to the higher energy of the 
excited state. However, the unique advantages of the 1.1 μm Nd emission with respect to the 
Er one is related to its four-level system energetics and to a larger stimulated emission cross 
section [15,16]. In order to demonstrate this point, we have fabricated an optimized Nd:SiNx 
micro-disk resonator and investigated its time dynamics around the 1.1 μm emission band. 

 
Fig. 2. (a) Nd:SiNx PL intensity and effective PL lifetime at 1100 nm for samples (~280 nm 
thick) with different Nd concentrations (Nd target powers) and annealed at 1000 °C. Nd:SiNx 
effective PL lifetime at 1100 nm for samples (~800 nm thick) with (b) annealing temperatures 
of 600, 800, 1000 and 1180 °C (Inset: A representative decay trace of Nd:SiNx PL at 1100 nm, 
fitted by a two-exponential decay model) and (c) refractive indices of 2.11, 2.13, 2.16, 2.20 and 
2.26 (corresponding Si concentrations of 44, 45, 47, 48 and 49%). (d) Nd:SiNx PL intensity at 
1100 nm for samples with annealing temperatures of 600, 800, 1000 and 1180 °C and different 
Si concentrations (45% black, 47% red, 48% green and 49% blue). 
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3.3. Stimulated emission from Nd:SiNx microdisk 

Figure 3 (a) shows a scanning electron micrographs image of the fabricated active Nd:SiNx 
microdisk with 9.8 μm in diameter deposited using 15W Nd cathode power and subsequently 
annealed at 1000 °C. The sidewall roughness limits the quality factor of the resonant modes to 
approximately 5x10

4
 (data not shown here). To characterize the emission dynamics from the 

resonant whispering gallery modes, the entire micro-disk was excited from the top by an Ar 
ion laser focused using a 50X objective. The sample is excited using all the lines (458, 488 
and 514 nm) of our Ar ion laser in order to increase the pumping efficiency. It should be 
noticed from the PLE spectra in Fig. 1(b) that the excitation of the Nd ions occurs indirectly 
through the SiNx matrix for all the considered wavelengths. Since the modes with relatively 
low Q factor radiate more easily to the far field, we could collect them by a lens focused on 
the disk edge [13,17,18]. The inset of Fig. 3 (b) shows low Q whispering gallery modes 
collected in emission from the Nd:SiNx micro-disk. We measured the PL lifetime of the 
Nd:SiNx micro-disk at the resonant wavelengths of 1083 nm, 1101 nm and 1120 nm 
(downward arrows in Fig. 3 (b) inset) as well as at the non-resonant wavelengths at 1190 nm, 
1108 nm and 1136 nm (upward arrows in Fig. 3 (b) inset). Our data in Fig. 3 (b) shows that, 
despite the limitations of low Q disk modes, the PL decay dynamics collected at the resonant 
wavelengths is consistently faster than the one collected for non-resonant modes of 
neighboring wavelengths. 

 

Fig. 3. (a) SEM image of a Nd:SiNx microdisk with a diameter of 9.8 μm. (b) PL decay traces 
of the Nd:SiNx microdisk centered at different wavelengths as indicated in the legend. Inset: PL 
spectrum of the Nd:SiNx microdisk (colors of the arrows indicates the colors of the 
corresponding PL decay traces). 

In principle, several factors could cause lifetime shortening in a micro-disk, such as higher 
non-radiative recombination rates due to strong excitation, excited state absorption in the 
material, radiative Purcell effect and the onset of stimulated emission. Of all these different 
factors, we believe that only stimulated emission can be responsible for the observed PL 
lifetime shortening under our experimental conditions. In fact, the PL from the non-resonant 
modes is collected under identical pumping conditions and therefore the pump-induced non-
radiative recombinations plays an identical role for both on and off-resonance modes. Next, 
the shorter lifetimes could originate from the stronger signal (PL) intensity at the resonant 
wavelengths due to excited state absorption, where the electrons at the Nd excited state could 
absorb signal (PL) photons and get promoted to a higher lying energy state at an energy equal 
to the difference between the 

4
F3/2 and the 

4
I11/2 levels. However, such an upper energy state 

does not exist within the Nd energy manifold. The Purcell effect has been shown to shorten 
the lifetime at the resonant wavelength around 1.5µm in Er:SiNx photonic nanocavities [6]. 
However, due to the much larger modal volume and the low Q factor of the investigated 
modes, we expect the Purcell enhancement in our micro-disk to be negligible. The observed 
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on-resonant lifetime shortening can be attributed to the onset of stimulated emission in the 
disk. In fact, the 4-level system in Nd ions enables population inversion with no absorption 
threshold and Nd ions have a larger stimulated emission cross section than Er [15]. These two 
factors make lifetime shortening easier to observe in Nd resonant cavities compared to Er-
doped ones. However, despite our demonstration of stimulated emission in the system, the 
pump power dependence of the PL at the cavity modes still exhibits a sub-linear trend (data 
not shown here), implying that we have not yet achieved the micro-disk lasing regime due to 
the large sidewall roughness losses which limit the Q-factor of the disk. However, the 
observation of stimulated emission in Nd:SiNx shows great promises for the engineering of 
on-chip lasers based on this novel materials platform. 

4. Conclusions 

In summary, Nd:SiNx materials were fabricated and optimized in terms of PL intensity and 
emission lifetime. Similar to the case of Er:SiNx, nanosecond-fast energy transfer from 
localized states in the bandgap of SiNx to Nd ions was observed and the role of excess Si and 
Nd concentration in these films discussed. The effective Nd excitation cross section for the 4-
level 1.1 μm transition was measured and an active Nd:SiNx micro-disk was fabricated. 
Stimulated emission from the resonant modes of the disk was demonstrated under optical 
pumping. These results show that the Nd:SiNx materials platform bears great promises for the 
fabrication of Si-based laser. 
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