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In this paper we report recent results on the optoelectronic properties of silicon-rich nitride
(SRN), a novel material for microphotonics applications compatible with silicon technology.
We have investigated optical emission, energy transfer phenomena to erbium ions and PbS
colloidal quantum dots in SRN films and grown active photonic SRN structures. The optical
properties of the films were studied by micro-Raman and photoluminescence spectroscopy
and, as confirmed by transmission electron microscopy analysis, indicate the presence of small
(1-2nm) Si clusters characterized by efficient (7% quantum efficiency at room temperature),
broad-band and near-infrared emission with very large absorption/emission Stokes shift. Time
and temperature resolved photoluminescence measurements demonstrate nanosecond-fast,
wavelength-dependent recombination dynamics with negligible light emission thermal
quenching from 4 to 330 K. First-principles simulations of 1 nm size crystalline and amorphous
silicon dots show that nitrogen atoms bonded to the surface of nanometre silicon clusters play
a crucial role in the emission mechanism of SRN films. In addition, we show that SRN is
a suitable material for the fabrication of light-emitting complex photonic crystals and novel
waveguide structures based on resonant transmission of localized light states in aperiodic
dielectrics. The versatility of light-emitting SRN systems can provide alternative routes towards
the fabrication of optically active CMOS devices.

Keywords: Nanocrystals; Light emission; Nitride materials
PACS: 78.67.Bf Nanocrystals and nanoparticles; 78.55.-m Light emission; 77.84.Bw Nitride
materials

1. Introduction

Silicon has recently been shown to be a powerful material for integrated optics [1-3],
modulation [4], switching [5], and even lasing [6,7]. However, it has not yet proved to be
an efficient light-emitting material. Light emission in bulk silicon (Si) originates from

*Corresponding author. Department of Electrical and Computer Engineering, Boston University, 8 Saint
Mary’s Street, Room 2825, Boston, MA 02215-2421. Email: dalnegro@mit.edu; Alternate email:
dalnegro@bu.edu

10On leave from: VTT Electronics, Kaitovayla 1, 90570 Oulu, Finland

Journal of Experimental Nanoscience
ISSN 1745-8080 print/ISSN 1745-8099 online © 2006 Taylor & Francis
http://www.tandf.co.uk/journals
DOI: 10.1080/17458080500469310



11:21 15 January 2011

Downl oaded At:

30 L. Dal Negro et al.

a low-probability phonon-mediated transition that unfavourably competes with fast
non-radiative recombination paths. The lack of efficient light emission in bulk Si
has, up to now, hampered the monolithic integration of electronic and optical devices
on mass-produced Si chips. However, several technological routes are now open to turn
Si into a more efficient light-emitting material [§-12]. Recently, new Si nanostructures
have been synthesized that take advantage of quantum confinement to dramatically
improve light generation efficiency. High emission efficiencies up to 23% under optical
excitation have been reported in porous Si after high-pressure water vapour annealing
[13] and sizeable optical gain has recently been demonstrated in Si nanocrystals (Si-nc’s)
embedded in SiO, matrices [14—19], opening the race towards the fabrication of a fully
Si-based laser [11]. Moreover, it has been recently discovered that Si-nc’s act as efficient
energy sensitizers for rare-earth ions, particularly erbium (Er) ions, allowing broad-
band pumping of 1.55m light emission with almost three orders of magnitude enhanced
pumping efficiency [20-22]. Despite all these exciting results, porous Si and Si-nc
embedded in SiO, matrices are not suitable for the fabrication of reliable, optically
efficient and stable electrically driven light sources due to the insulating SiO, barriers
and the slow exciton recombination lifetime (10-100s). Therefore, alternative
Si-compatible (or CMOS compatible) approaches that can yield fast (ns), efficient
and stable electrical excitation need to be investigated. An intriguing possibility would
be the nucleation of Si nanoclusters in dielectric matrices with smaller bandgap than
SiO, and more favourable electrical properties. Following this approach, visible and
near-infrared light-emitting Si clusters embedded in amorphous Si nitride matrices have
recently been demonstrated [23—26]. Here we will present our main experimental as well
as theoretical results on the optical emission properties of thermally annealed Si-rich
silicon nitride (SRN), new energy transfer phenomena involving erbium ions and PbS
colloidal quantum dots and we discuss our results on SRN-based light-emitting
photonic structures.

2. Experimental details

Si-rich nitride (SRN) samples were fabricated through plasma enhanced chemical
vapour deposition (PE-CVD) using an Applied Materials Centura DxZ chamber with
SiH4 and N, as precursors and a substrate temperature of 400°C. In order to induce
the nucleation and growth of small Si clusters all the SRN films were annealed in
N,-rich atmosphere for 10 minutes at temperatures ranging between 600 and 900°C.
Additionally, SRN films were also deposited for comparison by direct sputtering
from Si and Si3N4 targets and annealed in the same conditions. Er-doped SRN
films (Er:SRN) were fabricated by direct magnetron co-sputtering from Er, Si and
Si3N4 targets. Reference Si-rich SiO, samples (SRO) were deposited through a
reactive RF magnetron in an O,/Ar atmosphere using a Kurt J. Lesker Co. CMS 18
sputtering system. All the samples have been deposited on transparent fused silica
substrates and annealed at different temperatures ranging from 500 to 1250°C. In the
investigation of energy transfer from SRN to PbS quantum dots, the PbS quantum dots
used were produced by a colloidal synthesis [27]. As synthesized, each PbS quantum dot
is capped by a layer of oleate ligand. To enhance the interaction strength between the
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PbS quantum dots and their surrounding materials, the 2nm long oleate ligands are
replaced by the 0.5nm long butylamine ligands through a solution-based procedure.
Micro-Raman measurements were performed at 514 nm using a Kaiser Optical Systems
Raman spectrometer with confocal microprobe. Optical transmission experiments were
performed using a commercial Cary SE double beam spectrophotometer equipped
with a PbS detector (for the near-infrared range) or a Hamamatsu photomultiplier tube
(for the visible range). Room-temperature photoluminescence (PL) experiments were
performed using a 488nm Ar pump laser and a liquid nitrogen cooled InGaAs
photomultiplier tube. PL decay measurements were obtained using the 457 nm line
of a nitrogen pumped dye laser (pulse width 1 ns, 10 Hz repetition rate).

3. Optical emission properties of silicon-rich nitride

The study and the optimization of light emission from Si-rich nitride (SRN)
amorphous materials can have a significant impact for silicon microphotonics due to
the combination of efficient light generation and more favourable electrical injection
with respect to larger bandgap SRO-based materials. Visible, light-emitting electro-
luminescent devices with 2% efficiency at room temperature [24] and near-infrared
emitting photonic structures [25] have already been demonstrated following this
approach.

In the following, we will review our principal results concerning the optical emission
properties of thermally annealed SRN films deposited by PE-CVD and we will directly
compare the emission efficiency of SRN and Si-rich oxide samples (SRO) deposited
by magnetron sputtering. Figure 1 summarizes the effect of film stoichiometry (as
measured through the sample refractive index variations associated with the excess Si
content) and post-deposition annealing temperature on the emission intensity of SRN
and SRO samples. In figure 1(a,b) we show the trends of the integrated PL intensity
versus the SRN and SRO film refractive indices, as measured at 1.55m by the prism
coupling technique. Figure 1(c,d) shows the integrated PL intensity versus the post-
deposition annealing temperatures for the same materials. The result of our systematic
study shows that the best light emission performances are obtained for SRN samples
with the highest Si content (refractive index n=2.23), after thermal annealing at 700°C
for 10 min. For comparison, figure 1(b,d) shows the light emission optimization trends
versus film refractive index and annealing temperature (fixed time at 1 hour) for SRO
films deposited by magnetron sputtering. In this case, we found that the integral PL
intensity is maximized for films with 1.7 refractive index annealed at 1150°C for 1 hour,
as a result of a competitive interplay between the nucleation of luminescent Si clusters
with different sizes, emission efficiencies and clusters density. However, our data
indicate that a major difference exists between SRN and SRO light-emitting systems.
In fact, we have found that the optimum annealing time (1 hour) and temperature
(1150°C) required to maximize the Si-nc light emission in oxide systems are much
larger than what is required to activate efficient light emission in SRN systems. This
suggests that the growth kinetics in nitride films favours the formation of smaller
Si clusters at a faster rate and for lower supersaturation than for the SRO case. To
confirm this assumption, we have performed micro-Raman and transmission electron
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Figure 1. (a) Integrated PL intensity versus refractive index for SRN films annealed at 700°C for 10 min.
(b) Integrated PL intensity versus refractive index for SRO films annealed at 1100°C for 60 min. (c) Integrated
PL intensity versus annealing temperature for SRN films with n=2.2 refractive index and annealed for
10 min. (d) Integrated PL intensity versus annealing temperature for SRO films with n=1.7 refractive index
and annealed for 60 min.

microscopy (TEM) analysis on the best emitting SRN and SRO samples. Figure 2(a)
shows the micro-Raman spectra of a reference bulk silicon (c-Si) sample (dash-dot),
an as-deposited (not annealed) SRN sample produced by direct magnetron sputtering
(dash line) and a thermally annealed (700°C, 10 min) PE-CVD deposited sample (solid
line). We see that for sputtered SRN samples (with no substrate heating) only a broad
Raman band due to an amorphous Si network is observed (dash line). On the contrary,
in the case of thermally annealed SRN samples deposited by PE-CVD, a broadened,
asymmetric and shifted Raman peak (with respect to bulk Si) can be clearly observed
(solid line). Additionally we notice that for the PE-CVD sample, the two-phonon
optical (900cm™") and acoustical (300cm™") scattering bands are strongly enhanced
with respect to both the bulk Si and the sputtered SRN samples. The presence of
a significantly shifted (15cm™') and asymmetrized one-phonon Raman peak for
PE-CVD deposited SRN is direct evidence of the formation of small Si clusters
embedded in the amorphous silicon nitride matrix. The physical origin of the broadened
Si peak is related to the uncertainty in the Si-cluster phonon momentum ¢ that allows
modes with ¢ # 0 to contribute in the Raman spectrum. This general physical picture,
referred to as the phonon bottleneck, can be quantitatively described within a
phenomenological model that accounts for the lineshape of the TO one-phonon
modes of quantum confined Si clusters [28]. In figure 2(b) we show the simulated
one-phonon Raman lineshape corresponding to Si clusters with decreasing size.
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Figure 2. (a) Micro-Raman spectra of crystalline silicon (dash-dot line), PE-CVD deposited SRN with
n=2.2 and annealed at 700°C for 10 min (solid line), SRN deposited by magnetron sputtering unannealed
(dot line). (b) Simulations of the one-phonon nanocrystalline Raman spectrum for different dot sizes
indicated in the figure. (c) Micro-Raman spectrum of silicon nanocrystals embedded in SiO, (solid line).
Theoretical simulation assuming 3 nm average crystal radius (dot line). The inset shows a cross-section TEM
image where the dark spots are the silicon nanocrystals. (d) Micro-Raman spectrum of silicon nanocrystals
embedded in amorphous Siz;Ny (solid line). Theoretical simulation assuming 2nm average crystal size
(dot line). The inset shows a cross-section TEM image where the dark spots are the silicon nanocrystals.

The one-phonon Raman lineshapes can be easily obtained by calculating the integral
transform [29]:

1 e—qu/4a2
w) = d? 1
o= [ — (g P+ To/27 W

where L is the average Si-nc radius, Iy is the linewidth of the LO bulk Si phonon,
a is the Si lattice constant and we have used the phonon dispersion of the bulk material
as given by the relation w?(q) = A + Bcos(mg/2) with 4 =1.714 x 10> cm™ and
B =1.000 x 10° cm~2 [29, 30]. This phenomenological approach allows us to simulate
the experimental Raman data and to estimate an average size for the quantum confined
scattering particles. We have applied this procedure to SRO samples (annealed at
1100°C for 1 h) and SRN samples (annealed at 700°C for 10 min) and we have checked
the consistency with the results of TEM analysis (figure 2c¢,d). In the case of SRO
samples, we estimate an average radius of ~3nm, in good agreement with the TEM
image (figure 2¢). In the case of thermally annealed SRN, the micro-Raman data are
compatible with the presence of smaller Si clusters with an estimated size less than 2 nm,
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Figure 3. (a) Normalized PL spectra of the optimized (n=1.7, annealed for 60 min at 1100°C) SRO film
(solid line) and the best emitting (n =2.2, annealed for 10 min at 700°C) SRN film (dash line). Pump power
SmW at 488 nm. The oscillations in the SRN emission spectrum are due to interference effects related to the
finite sample thickness (700 nm). (b) Histograms of the integrated PL intensity of the two compared SRN
and SRO samples.

as fitted within the phonon confinement Raman model (see figure 2d). In addition, by
TEM analysis (figure 2d), we can demonstrate the presence of small silicon clusters
in thermally annealed SRN, whose average size is compatible with 1-2 nm.

In order to quantitatively compare the emission efficiency of SRO versus SRN light-
emitting systems we have measured the external PL quantum efficiency (PLQE) of
the best emitting SRN film (n=2.2, 700°C, 10 min) and SRO samples (n=1.7, 1150°C,
1 hour). Figure 3(a) shows the normalized room-temperature emission spectra of the
SRO (solid line) and SRN (dash line) samples that we have compared. We notice that
the emission spectra of the two samples are very similar and consist of broad emission
bands centred around 900 nm. A PLQE of 7% was measured for the SRN samples,
following the procedure described in [31, 32]. In the case of the optimized SRO
reference samples, a PLQE of 4.5% was obtained. The histograms of the corresponding
integrated PL intensities are shown in figure 3(b). In figure 4 we show a direct
comparison of the 7% efficient near-infrared SRN emission spectrum and the optical
transmission spectrum. It is clear that the emission band (figure 4a) is strongly Stokes-
shifted with respect to the onset of the measured absorption edge (figure 4b), suggesting
the strongly localized nature of the emitting centers. In the next section we will show
that first-principles theoretical calculations indicate that light emission in SRN
originates from strongly localized, nitrogen-related exciton states at the surface of
small (1-2nm) Si clusters embedded in an amorphous SizN4 network. Figure 5
shows the measured wavelength dispersion of the PL lifetime of the best emitting SRN
sample. We have found that the SRN lifetime is described by a double exponential
function with a resolution limited subnanosecond fast decay component and a longer
decay component that ranges between 1 and S5Sns, depending on the observation
wavelength [33]. The inset shows two representative PL decay traces. The temperature
behaviour of the SRN light emission is shown in figure 6. We found that the SRN
emission shows negligible temperature quenching (approximately a factor of 4) over
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Figure 4. (a) Room-temperature photoluminescence (PL) spectra of SRN samples annealed for 10 min at
700°C. Pump power 5mW at 488 nm. (b) Typical transmission spectrum of SRN sample annealed at 700°C.
The oscillations in the spectrum are due to Fabry—Perot wave interference related to the finite sample
thickness (700 nm).
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Figure 5. (a) PL emission lifetime versus observation wavelength for the best emitting SRN sample (n =2.2,
annealed for 10 min at 700°C). (Inset) Typical decay curves observed at 710 nm (open triangles) and 810 nm
(open diamonds) fitted using double exponential decay curves (solid lines).

a wide temperature range from 4 K up to 330 K. In addition, no appreciable emission
lineshape modifications have been observed (figure 6).

The temperature-dependent PL data can be described by using a simple
phenomenological model based on the thermal ionization of localized carriers from
a radiative nitrogen defect state, as in [34]. However, we associate the microscopic
nature of the radiative nitrogen defects suggested in [34] to the strongly localized energy
state introduced by surface nitrogen bridging configurations within the molecular
bandgap of small Si clusters embedded in the nitride matrix [26], as will be discussed
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Figure 6. Room-temperature (dash line) and 4.2 K (solid line) SRN emission spectra. (Inset) Integrated PL
intensity versus temperature for the best emitting SRN sample (n=2.2, annealed for 10 min at 700°C).

in the next section. According to this interpretation, the fast subnanosecond PL decay
component is associated with a non-radiative exciton trapping time on the nitrogen sites
while the longer (ns) decay results from the localized exciton recombination time.

4. Silicon nanoclusters embedded in silicon nitride: theoretical modelling

Understanding the interaction between a Si nanocluster and the surrounding SRN
matrix is extremely complex due to the unknown structure of the cluster and the various
types of Si—-N bonds that may be present at the interface between the cluster and the
matrix. To investigate how the structure of the cluster and bonds at the interface can
influence the optical properties of SRN materials, we performed a series of density
functional theory (DFT) calculations,f within the local density approximation [36]
(LDA) of the structural, electronic and optical properties of silicon nanoclusters with
single nitrogen atoms bonded to their surface and in their core in different
configurations. The structures are summarized in table 1 and shown in figure 7.
Structures (a)—(g) have a diamond crystalline core. Structures (h)—(i) have an
amorphous core generated using an ab initio molecular dynamics simulations [37].
Structure (a), SizsHszg, is our reference crystalline structure. Structure (h) is our
reference hydrogen terminated amorphous silicon cluster, Si;oH,. It has lower
hydrogen content than structure (a) due to the reconstruction of its surface. For all
N-doped clusters but (e), in keeping with known molecules containing N, Si and H
atoms such as disilazane and trisilylamine or studies of the dissociative adsorption of
ammonia on silicon surfaces [38, 39], the nitrogen atoms attached to these clusters are
three-fold coordinated. In structures (b) and (i), a hydrogen atom is replaced with an
amine group. Structure (b) is similar to Siz;sH3sOH considered in [40], where a surface H

T The Qbox [36] code was used for the structural relaxation and the ABINIT [37] code was used to evaluate
gaps and oscillator strength. All calculations use norm-conserving, Troullier—Martins pseudopotentials for
the core electrons and a plane-wave basis with a 70 Ry cutoff [35]. The ABINIT code is a common project
of the Université Catholique de Louvain, Corning Incorporated, and other contributors: URL http://
www.abinit.org
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Table 1. Calculated LDA and PBE optical gaps, and radiative lifetimes corresponding
to different Si nanoclusters.

Structure LDA gap (eV) Lifetimes (ns)
(a) SizsH3g — reference crystalline structure 3.4 10?
(b) SizsH3sNH, — NH, substituting H 3.0 10°
(c) SizsH3sN — N substituting SiH 2.8 10%
(d) Siz4H34NH — NH substituting SiH, 2.7,2.9 forbid.x, 10°
(e) SissH34NH — NH substituting 2H 2.4 10?
(f) SizsH34NH — Si-NH-Si bridge 2.2 10!
(g) SizgH37NH — N in the core of the cluster 2.7 10?
(h) a-SizoH,, — reference amorphous structure 2.2 10?
(i) a-Si3oH,;NH, — NH, substituting H 2.1 10
(j) a-SizpH,oNH — Si-NH-Si bridge 1.8 10*

*In (d), the HOMO-LUMO transition is forbidden and we quote the lifetime of the HOMO-LUMO + |
transition at 2.9eV.

Figure 7. Isosurface plots of the density of the highest occupied molecular orbital (HOMO) in cyan and
lowest unoccupied molecular orbital (LUMO) in magenta. Silicon atoms are yellow, nitrogen atoms are blue,
and hydrogen atoms are light grey. The isosurfaces contain 30% of an electron charge. For the reference
structures (a) and (h) the full structure is shown. For all other structures the inset plots show a zoom-in of the
nitrogen containing groups on the surfaces of the clusters. This figure is available in colour online.

is replaced with either an OH group and also similar to the end product of the
dissociative adsorption of ammonia on silicon surfaces. In structure (d) an SiH, group
is replaced with an NH group, while in (f) an NH group is bonded to two neighbouring
silicon atoms, forming in both clusters a bridged Si—-NH-Si structure reminiscent of
disilazane. The important difference between these two clusters is that in (f) the two Si
are bonded to each other, producing a Si—-N-Si angle that is much smaller in (f), 83°,
than in (d), 131°, which is closer to the experimental value of 127.7° of dizilazane [41].
Structure (j) is the amorphous version of the Si-NH-Si bridged structure (f).
In structure (c) a SiH group is replaced by a N atom, while in structure (g) a Si atom
in the core of the cluster is replaced with a N. Both clusters show N bonded to three Si,
much like in trisilylamine. Finally, structure (e) has a surface Si=NH double bond,
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comparable to SizsH34O in [40], which has a double bonded surface Si=0O group.
For each cluster, the atomic coordinates were relaxed to the closest local minimum of
the potential energy surface and then the optoelectronic properties were calculated for
the relaxed structure.

To determine which structure(s) are most likely to be responsible for the luminescence
observed in SRN we calculated the energy gap between the highest occupied molecular
orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) and the radiative
lifetime for the HOMO-LUMO transition. As the HOMO and LUMO orbitals will
be shown to be localized around nitrogen atoms on the surface of the nanoclusters
(see figure 7), we expect that the calculated trends between the gaps and radiative
lifetimes of the different structures will be insensitive to the exact size of the clusters and
the structure of the surrounding SRN matrix. This effect was observed in nanoclusters
terminated with oxygen [40], where the localized nature of the HOMO and LUMO
orbital gave rise to a weak size dependence of the gap. In addition, as the measured
luminescence is bright and weakly temperature dependent, we anticipate that
comparing the calculated radiative lifetimes of different structures with measured
values can provide additional data for discriminating between candidate structures.

Table 1 summarizes the calculated HOMO-LUMO gaps of each cluster. Previous
calculations [40] have shown that it is not possible to directly compare DFT-LDA
calculated gaps of doped silicon nanoclusters with experimental gaps for two reasons:

(i) DFT calculated gaps of Si nanoclusters may underestimate the true optical gap;
(i1) gaps calculated with a single surface dopant typically overestimate the gap
compared to clusters covered with multiple surface dopants.

However, the qualitative changes in the gap of nanoclusters with different surface
dopant structures have been shown to be well reproduced by DFT calculations in
studies of oxygen terminated Si nanoclusters [40]. In figure 4 the measured onset of
absorption is approximately 2eV. This is considerably lower than the 3.4¢V gap of
our reference crystalline structure, SizsHsg, and also slightly lower than the 2.2eV gap
of the hydrogen terminated amorphous structure. As we expect these DFT calculated
absorption gaps to underestimate experimental values, it is unlikely that the absorption
in SRN materials is occurring in the cores of either crystalline or amorphous, pure
silicon clusters. However, for both the crystalline and amorphous clusters, addition of
N significantly lowers the calculated gaps and the smallest gaps are found when N
is added on the surface of the cluster. This suggests that absorption and emission may
originate at the interface between the Si cluster and the SRN matrix rather than from
the core of the nanoclusters. The HOMO and LUMO orbital densities of each cluster
are shown in figure 7. In our reference crystalline and amorphous clusters, (a) and (h),
both the HOMO and LUMO orbitals are delocalized throughout the core of the cluster.
Upon addition of nitrogen, the HOMO orbital becomes localized around the nitrogen
atom and exhibits a p character. Analysis of the individual HOMO and LUMO
eigenvalues shows that the gap of these clusters is reduced because the nitrogen
localized HOMO states are higher in energy than the HOMO of the reference hydrogen
terminated clusters. Also included in table 1 are our calculated radiative lifetimes.
These lifetimes, 7, are evaluated using the methodology described in [26]. In figure 7,
structures (b), (d), (¢) and (j) have large radiative lifetimes for their lowest transitions.
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In structure (d), the HOMO-LUMO transition is forbidden by symmetry and the
lowest allowed transition is the HOMO to LUMO + 1. For structures (b) and (e),
the high atomic symmetry of the nitrogen groups is slightly broken by structural
relaxations, such as the rotation of an N-H bond, yielding only a weak oscillator
strength. For structure (j) the low oscillator strength and hence long radiative lifetime
arises from the small overlap between the HOMO and LUMO, which are localized
in different regions of the cluster. Structure (f) has the shortest lifetime, an order of
magnitude lower than the reference SizsHjse cluster and at least one order of magnitude
lower than any other structure. We note that in addition to radiative recombination
of carriers, we also expect significant non-radiative carrier decay and therefore the
radiative lifetime should be considered an upper bound to the measured lifetime.

Combining our first-principles calculations and experimental measurements we can
constrain the range of structures responsible for luminescence in SRN. Structures (f)
and (j) with nitrogen bridged between two bonded Si atoms have the lowest gaps for the
crystalline and amorphous structures, respectively, and are closest to the measured
gaps. If one also considers the radiative lifetime, structure (f) is the only structure
exhibiting both a short radiative lifetime and the onset of absorption consistent with
our experimental results.

5. Energy transfer to lead sulphide (PbS) quantum dots

Luminescence from colloidal quantum dots is very efficient and widely tuneable in
wavelength. Coupling silicon-based materials with colloidal quantum dots would
greatly enrich silicon’s growing set of functionalities. In the following we will review our
recent work [42] that has demonstrated up to 60% efficiency in non-radiative energy
transfer from SRN materials to light-emitting PbS colloidal quantum dots. The result
suggests a convenient integration of solution-processible active optoelectronic materials
(PbS quantum dots) on the electronics platform of silicon-based technology. In
particular, the large overlap of the SRN luminescence spectrum with the absorption
spectrum of PbS quantum dots, as demonstrated in figure 9 below, suggests a novel
opportunity for energy coupling of these two promising optoelectronic materials.

We have investigated energy transfer between SRN and PbS quantum dots
by measuring photoluminescence excitation spectra (PLE) of three samples: the
proximately coupled donor—acceptor sample (Sample A), the donor—spacer—acceptor
sample (Sample C), and the acceptor-only reference sample (Sample B), as shown
in figure 8.

In this study, the first excitonic peak of the PbS quantum dots is manifested on
the absorption curve at 1300nm (figure 9). The PbS quantum dot photolumines-
cence spectrum (figure 9 dash line) is Stokes-shifted to 1400nm. These optical
properties of the PbS quantum dots are given by dots with average size of 5nm, as
shown in the electron micrograph in figure 8. We produced the proximately coupled
donor—acceptor sample by spin-coating five monolayers of PbS QDs (about 25nm
film thickness) on 50nm of SRN grown on a transparent quartz substrate. The
reference sample was identical except that the QDs were spin-cast onto a transparent
quartz substrate. In the donor—spacer—acceptor structure, a 1 mm transparent quartz
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Figure 8. Structure of samples. (A) The proximately coupled donor—acceptor sample. (B) The acceptor-only
reference sample. (C) The donor—spacer—acceptor sample. The inset shows a TEM image of the PbS QDs.
Average diameter is about 5nm.
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Figure 9. Absorption spectrum of PbS QD (solid line). Room-temperature photoluminescence spectrum of
50 nm thick SRN (dot line) on a quartz substrate and that of PbS QD on a quartz substrate (dash line).

spacer was introduced between the PbS QD acceptor layer and the 50nm SRN
donor layer to prevent short-range dipole coupling while still allowing radiative
coupling.

In the PLE experiment (figure 10) the excitation wavelength was varied between 390
and 560 nm while the detection wavelength was fixed at the PbS QD emission peak.
Photoluminescence excitation spectra of the samples along with the SRN absorption
spectrum are shown in figure 10. For excitation wavelengths longer than 500 nm where
the SRN absorption is negligible, the PLE spectra overlap for all samples. This is the
regime of direct PbS QD excitation alone, producing conventional photoluminescence.
For excitation at wavelengths shorter than 500 nm, the photoluminescence of the
proximately coupled donor—acceptor sample rises significantly, while the reference
sample and the donor—spacer—acceptor sample overlap one another and do not rise.
It is concluded that the factor-of-two luminescence enhancement of PbS QDs coupled
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Figure 10. PLE trace of the acceptor-only reference sample (Sample B, solid line), the donor—spacer—

acceptor sample (Sample C, dash-dot line), and the proximately coupled donor—acceptor sample (Sample A,
dot line). Absorption spectrum of 50 nm thick SRN (donor) on a quartz substrate is also shown (dash line).

to the SRN thin film donor is dominated by a short-distance, non-radiative energy
transfer process.

This finding points to the possibility of a convenient coupling and thus monolithic
integration of solution-processible near-infrared-active optoelectronic materials on the
electronics platform of CMOS silicon.

6. Energy transfer to erbium ions

The recent discovery of efficient energy transfer between silicon nanocrystals (Si-nc’s)
and Er ions has initiated an entirely new approach that profits from both the
advantages of quantum size effects in Si and rare earth doping, promising a route
towards the integration of CMOS technology with 1.54 m light sources [43—48].

In particular, Er-doped SRO systems (Er:SRO) have been extensively investigated
and we recently demonstrated very efficient energy sensitization also for
low-temperature annealed (600-800°C) Er:SRO samples produced by magnetron
co-sputtering [46]. The typical mechanism used to explain energy transfer between
Si-nc’s and Er ions is Forster—Dexter non-radiative energy coupling with a transfer
rate that is directly proportional to the donor (SRO) emission rate [47]. However,
we have recently questioned the validity of this simple picture since only inefficient
light emission (no appreciable SRO emission rate) can be obtained in the case
of low-temperature annealed samples (donors) without the presence of Er atoms
(acceptor) [46, 48]. We have recently suggested that the efficient energy transfer
observed for low-temperature annealed Er:SRO materials can be assisted by
non-radiative defect states within the SRO matrix bandgap [48].

We have discovered that a very similar picture also applies for the case of Er: SRN
systems, opening the possibility to extend the emission wavelength range of SRN
optical devices to the strategically relevant 1.54 m region due to efficient energy transfer
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Figure 11. (a) Room-temperature photoluminescence of sputtered Er: SRN sample. The refractive index of
the Er: SRN sample is 2.25 and the emission is excited at 488 nm with 10 mW. (Inset) Schematic diagram
illustrating the erbium and nitrogen passivated Si-clusters energy levels. (b) Room-temperature photo-

luminescence of Er:SRN system with resonant (488 nm, solid line) and non-resonant (457 nm, dash line)
excitation.

to erbium ions. In figure 11 we clearly show that 1.54 m Er-related emission can be
efficiently excited also by pumping out of the Er transitions resonance, using a pumping
wavelength (457 nm) where Er ions are non-absorbing (figure 11b). The almost totally
overlapping Er emission spectra obtained under resonant (488 nm) and non-resonant
(457 nm) pumping conditions directly show that Er excitation in Er: SRN is completely
mediated by the SRN dielectric matrix that efficiently transfers the excitation energy to
the Er ions, as schematically shown in the inset of figure 11(a). Further investigations
are in progress to clarify the nature of this novel energy transfer phenomena.

7. Complex photonic structures and aperiodic waveguides

The high refractive index (n=2.23) of PE-CVD deposited Si-rich silicon nitride (SRN)
and its ability to efficiently emit, when thermally annealed, intense near-infrared light
with little reabsorption losses (due to strong absorption/emission Stokes shift) represent
very attractive features that make the SRN material suitable for the fabrication
of high-quality active (light-emitting) photonic structures. In particular, CMOS-
compatible active waveguides and complex photonic crystal structures can be easily
fabricated and are appealing for a variety of different applications ranging from
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Figure 12. (a) Experimental (solid line) and calculated (dot line) transmission for the 32 layer T-M structure
(TM32). (b) Experimental (solid line) and calculated (dot line) transmission for the 64 layer T-M structure
(TM64). For all the simulations we have considered ny=2.23 (SRN), ng=1.45 (SiO,). The thickness
simulation parameters that yield the best fit with the experimental transmission data are da =198.9 nm and
dg =273 nm, which are approximately 6% thicker and 4% thinner than the targeted values defined by the
Bragg condition at o= 1.65m. (c) Room-temperature photoluminescence (PL) intensity of a TM64 sample
(solid line), a TM32 sample (dash-dot line), and a homogeneous SRN reference sample (dot line).
The excitation wavelength was 488 nm and the pump power was 10mW. (d) Experimental transmission
spectrum for the 64 layer T-M structure overlapping the light-emission range of the SRN material.

innovative resonant structures for on-chip light amplification and lasing, to optical
biosensing and dense optical wavelength division multiplexing (WDM).

We have recently fabricated the first light-emitting Thue-Morse (T-M) photonic
multilayers structure by aperiodically arranging SRN and SiO, layers grown by
PE-CVD [25]. The complex photonic crystal structure is fabricated by stacking SRN
layers (A layers) and SiO, layers (B layers) according to the Thue—Morse aperiodic
sequence generated by the simple inflation rule: or_n: AAB, BBA [49]. The complexity
of the T-M sequence, reflected by its singular continuous Fourier transform, induces an
‘almost random’ dielectric environment where the diffusion of light waves can undergo
a power-law (weak) localization and large field enhancement at specific frequencies
corresponding to perfect transmission states (resonant transmission) can occur [50, 51].
The optical transmission spectra of thermally annealed photonic T-M structures
with up to 64 layers (TM64) are shown in figure 12. In figure 12(c) we show the
photoluminescence spectra of the light-emitting T-M structures. Very sharp emission
peaks induced by the aperiodic light scattering in the T-M environment are clearly
distinguishable for the TM64 structure (solid line). More interestingly, we have recently
shown [25] that light emission can be resonantly enhanced (with respect to a reference
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Figure 13. (a) Comparison of the TM64 emission spectrum (solid line) and the homogeneous reference
sample emission spectrum (dot line) rescaled according to the SRN thickness ratio. (b) One-dimensional (1D)
transfer matrix calculation of the T-M state field intensity distribution at 1188 nm. The inset shows a sketch
of the multilayer T-M structure with normalized plane waves entering from the left. (c) Angular profile of
the normalized emitted intensity of T-M (64 layers) at different wavelengths indicated in the figure and for
the reference homogeneous SRN sample.

SRN homogeneous sample) at multiple wavelengths for a light-emitting T-M structure
[25]. In figure 13(a) we compare the emission spectra of a TM64 structure and
a homogeneous SRN reference sample with the same optical thickness. We notice that
the presence of an aperiodic dielectric environment dramatically modifies the broad and
featureless emission band characteristic of the SRN reference sample. In particular,
several narrow frequency states (emission spikes) are induced by the T-M structure and
the associated emission intensity is locally enhanced with respect to the reference
homogeneous SRN sample. A one-dimensional transfer matrix simulation of a T-M
localized field state is shown in figure 13(b). Field enhancement effects up to
approximately 30 times the incident field amplitude are predicted for the TM64
structure. Moreover, the localized character of these states is also reflected in the
dramatic change of the angular emission profile of the T-M structure. Figure 13(c)
shows the strongly directional light emission observed for the T-M structures at
different wavelengths corresponding to localized states with field enhancement. For
the SRN homogeneous sample, an approximately Lambertian wide-angle emission
profile was observed since all the states are delocalized with negligible field
enhancement.

The demonstration of broad-band light-emitting T-M structures with highly
directional and multiple-wavelength emission enhancement effects can provide an
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Figure 14. (a) Schematics of a planar Thue-Morse aperiodic waveguide device. A and B represents different
dielectric materials. For our simulations we have chosen A = SRN with ny =2.2 and B=SON with ng=1.7.
(b) Cross-section of the device, and (c) calculated transmission spectrum for the light that propagates through
the aperiodic waveguide.

attractive route towards the fabrication of optically active CMOS devices for
multiwavelength operation.

In the following we will introduce the novel concept and design of a CMOS-
compatible, SRN-based waveguide structure that guides light due to the excitation of
multiple resonant transmission states induced by the aperiodic dielectric environment.
In figure 14(a,b) we show the schematics of the aperiodic waveguide structure module
that we have considered. Within this flexible module, we can easily change the aperiodic
character of the guiding subunits by simply considering different generation sequences.
In the following, we studied the light propagation in the two chiefly aperiodic
environments: the Thue-Morse and the Rudin—Shapiro sequences [52]. The binary
sequence of Rudin—Shapiro (R-S) shows fascinating new physical properties [53, 54]
and can be generated by a substitution rule acting on a four-letter alphabet {a, b, ¢, d},
which is then reduced to a sequence of two letters. A binary substitution relation is
defined by the form ¢ — ab, b — ac, ¢ — db, d — dc [51]. If A4 is used as a seed and
applied to the substitution once, the first generation of the sequence will be obtained.
The first few generations are: so = {a}, 51 = {ab}, s, = {abac}, s3 = {abacabdb}. The R-S
sequence is obtained after identifying each a and b with 4 and each ¢ and d with B. The
third generation will then be S5 ={4A4AABAABA}, and so on. The photonic structures
that we have studied are as follows: on top of an SiO, undercladding (10 m thick) we
have designed a Thue—Morse or R—S aperiodic sequence of SRN (#=2.2) and silicon
oxynitride (SON) layers (n=1.7) with 31¢/4 optical length and Aq=1.55nm. This
corresponds to a physical subunit length of dggn539 nm and dson704 nm, respectively,
when the effective refractive indices are considered. The device cross-section is shown
in figure 14(b). For these optimized design choices, the optical modes are perfectly
matched for the different subunits and the waveguide device can be easily fabricated
using standard photolithography and etching steps. We have calculated the
transmission spectrum of the aperiodic waveguide by using a commercially available
three-dimensional mode solver package based on mode matching techniques. The
Photon Design FimmWave software was used for optimization of the modal overlap
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Figure 15. (a) Calculated electric field profile in the waveguide showing a localized T-M state at 1390 nm.
(b) Calculated electric field profile in the horizontal plane of the waveguide showing an extended T-M state
at 1550 nm. This figure is available in colour online.

in the waveguide subunits and the FimmProp framework code was used to simulate the
mode propagation. The optical transmission of the Thue—-Morse waveguide with up to
256 SRN/SON subunits is shown in figure 14(c). The waveguide transmission spectrum
is very similar to the spectra of the strictly one-dimensional system that we considered
in figure 12. However, for the waveguide structure, a bigger field enhancement effect
can be achieved due to a much longer scattering length along the propagation axis.
The calculated electric field distribution in the waveguide structure is shown in
figure 15 for two different T-M modes. In this specific example, a strongly localized
mode (figure 15a) yields a resonant transmission state at the wavelength (1390 nm)
corresponding to a largely enhanced electric field (up to 80 times the incident field)
in the structure. On the other hand, extended Thue-Morse states (with no field
enhancement, 1550 nm) coexist in the structure (figure 15b) and propagate through
the waveguide without experiencing field enhancement effects. We emphasize that the
aperiodic waveguide module introduced in figure 14 can easily be generalized to study
light propagation in different aperiodic environments. For example, in figure 16 we
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Figure 16. (a) Calculated optical transmission of the Rudin—Shapiro aperiodic waveguide. (b) Simulation of
the electric field profile in the horizontal plane of the waveguide showing a localized R-S state at 1487 nm.
This figure is available in colour online.

have calculated the transmission (a) and the electric field distribution (b) of the more
general R—S structure, that has the remarkable property of an absolutely continuous
Fourier spectrum (more disorder) that creates strongly localized and enhanced optical
fields (figure 16b). This study demonstrates that resonant effects associated with
field enhancement in localized light modes can provide an alternative mechanism to
transport light waves over large distances and with strong light-matter coupling
(field enhancement). The fabrication of proof-of-concept resonant aperiodic waveguide
structures is currently in progress.

8. Conclusions

In this paper we have shown our main results on the optical emission characteristics
of SRN nanostructures for microphotonic applications. In particular, we have
demonstrated the presence of small (1-2nm) Si clusters embedded in the amorphous
nitride matrix, yielding 7% efficient and largely Stokes-shifted near-infrared emission
with nanosecond recombination dynamics and negligible thermal quenching. We have
performed first-principles calculations on 1 nm Si dots suggesting that light emission
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originates from nitrogen-related, strongly localized exciton transitions at the surface of
small amorphous Si clusters. In addition, we have demonstrated energy sensitization
from SRN to erbium ions and to colloidal PbS quantum dots, opening a convenient
strategy for the monolithic integration of solution-processible active optoelectronic
materials on the electronics platform of CMOS silicon. Finally, we have shown that
light-emitting SRN is a suitable material for the fabrication of optically active complex
photonic crystals structures and novel waveguide structures based on the excitation
of field-enhanced resonant transmission states in aperiodic dielectrics. The versatility of
light-emitting SRN systems can provide alternative routes towards the fabrication of
optically active CMOS devices.
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