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Preface

After 20 years of development, silicon photonics has reached commercial maturity
with many available products. From 2020 to 2025, predicted growth rates of the asso-
ciated market are in excess of 20% for conservative estimates to more than 30% for
more optimistic estimates. In addition to Datacom and Telecom, many other applica-
tions are entering the silicon photonic products market. Particularly promising are the
applications in the healthcare sector and in the automotive sector where high-quality
and low-cost silicon photonic sensors, laser ranging systems and detectors allow a
pervasive penetration of the technology. From the very start of silicon photonics,
we follow its blossoming development from basic science to engineering and tech-
nology via a series of books entitled Silicon Photonics, all published by Springer in
their Topics in Applied Physics series. The original intention, when the first book
was published, was to underline the update to silicon electronics through the use
of photons, which avoids the bottlenecks created with electrons for information
exchange (interconnection bottleneck). Silicon Photonics I was based on the under-
lying fundamental research that was needed to bring these concepts into reality.
Volume II of the series, then, covered the burgeoning applications scenario, and
Silicon Photonics III provided overviews of practical applications of this technology
in industry. Luckily, the field of silicon photonics is still presenting many interesting
developments spanning from fundamental research where the use of new materials
enables novel functionalities in silicon to the development of new technologies and
computation paradigms where silicon photonics is making the difference. We feel the
time is right to discuss these recent progresses to encompass the widening interest
in the use of silicon photonics.

This fourth book in the series on silicon photonics gathers in-depth discussions of
recent advances that go beyond already established and applied concepts. The chap-
ters provided in this book by experts in their fields cover not only new research into the
highly desired goal of light production in Group IV materials, but also change in the
principles driving the development of integrated circuits, novel measurement strate-
gies and novel technologies. Finally, the new paradigms in information processing
and telecommunication are covered with the claim that silicon photonics is a proper
platform for their realization.
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Chapters in the first part of the book on Advances in Fundamental Research
review recent progresses in the enduring search for crystalline-silicon-compatible
light emitters and innovative applications of silicon photonics. For two decades now,
there has been intensive research into overcoming the difficulty of obtaining efficient
light emission from Si and Ge due to their indirect band gaps. In the past, various
methods of inducing a direct gap have been introduced and lasing action has been
observed in both Si and Ge, but so far, the performance at room temperature has not
been good enough to produce the desired CMOS compatible room temperature laser.
Recent work has shown that strained nanostructures of Group IV materials are the
most promising candidates for room temperature lasers, as shown for Si in Chap. 1
by Katefina Dohnalova and Katefina Klisov4, for disordered Ge in Chap. 2 by Moritz
Brehm, for GeSn and SiGeSn alloys in Chap. 3 by Vincent Reboud et al., and crys-
talline Ge in Chap. 4 by Nelson L. Rowell and David J. Lockwood. In Chap. 5, Simone
Rossi, Elisa Vitiello and Fabio Pezzoli demonstrate that Ge-based heterostructures
offer innovative solutions to the challenges of integrating spin functionalities into
silicon photonics.

Chapters in the second part of the book on Advances in Integration Architec-
tures review novel concepts and recent progress in the design of integrated photonic
circuits for, and diverse applications of, silicon photonics. In Chap. 6, Hon Ki
Tsang et al. introduce some of the numerous applications of subwavelength grating
structures employed within silicon photonics devices. Subwavelength gratings have
attracted interest recently, as they provide a useful degree of freedom for the crafting
of the effective refractive index of the material incorporated in photonic devices.
The implementation of quantum mechanics has been the driving force of the most
intriguing designs of photonic structures. Non-Hermitian physics, which breaks the
conventional scope of quantum mechanics based on the Hermitian Hamiltonian,
has been widely explored in the silicon photonics platform, with promising new
designs involving the refractive index, modal coupling and gain—loss distribution.
In Chap. 7, Changqing Wang, Zhoutian Fu and Lan Yang explore the merger of the
non-hermitian physics and classical silicon platforms. Topological photonic insu-
lators have attracted considerable attention due to their unique ability to transport
light via topologically protected edge states that are immune to defect scattering
so that engineering of robust photonic devices that are insensitive to fabrication
imperfections is made possible. Chapter 8 comprises a review by Shirin Afzal, Tyler
James Zimmerling and Vien Van of the key concepts of topological insulator systems
in one and two dimensions and their practical realization using coupled microring
resonator lattices. In Chap. 9, Scott Jordon presents a new parallel digital gradient
search technique for rapid automated alignment of devices on silicon photonics inte-
grated circuits. Such a production tool is badly needed now owing to the increasing
complexity of silicon photonics integrated circuits.

Chapters in the third part of the book on Advances in Computation Schemes
review paradigm changing architectures where recent progress in silicon photonics
enables new computer technology. In Chap. 10, Bicky A. Marquez et al. report
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on neuromorphic architectures on silicon photonics platforms, which enable high-
bandwidth, low-latency, low-energy applications. Neuromorphic photonics imple-
ments the machine learning methodology in integrated photonics. It exploits the
advantages of optics, including the ease of analog processing and full parallelism
achieved at the speed of light by employing multiple signals in a single waveguide.
Due to its mature semiconductor fabrication processes and the capability to integrate
large quantum photonic circuits on a single device, silicon quantum photonics is
emerging as a promising platform to develop photonic quantum processor chips. In
Chap. 11, Stefano Paesani and Anthony Laing review recent results in developing key
building blocks for chip-scale photonic quantum devices and deliberate on progress
made toward useful large-scale quantum photonic computers. Finally, in Chap. 12,
Marco Fiorentino et al. discuss recent progress toward an open silicon photonics
ecosystem targeted at computercom applications where there is now an urgent need
for standardized industrial production systems.

We hope that the readers will share our enthusiasm about this book, which shows
the healthy status of silicon photonics despite the difficulties given by the present
situation. We thank all the authors of the present volume for their invaluable contri-
butions, especially considering the extensive restrictions in their work arena resulting
from the COVID-19 global pandemic. At the same time, we are grateful to the edito-
rial and production staff of Springer Nature for their support, patience and profes-
sional editing. Last but not least, we are indebted to our co-workers who are the real
driving force behind our work. They do share with us their research, passion and,
mostly importantly, friendship.

Ottawa, Canada David J. Lockwood
Trento, Italy Lorenzo Pavesi
December 2020
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Chapter 1 ®
Optical Properties of Si Nanocrystals oo
Enhanced by Ligands

KateFina Dohnalova and Katerina Kusova

Abstract Compared to bulk silicon, silicon nanocrystals (Si-NCs) show modified
properties, such as tunable emission and enhanced radiative rate, as a result of the
quantum confinement, surface chemistry and environment. While the effect of quan-
tum confinement is well understood and experimentally confirmed on the hydrogen-
capped Si-NCs, the surface effects in Si-NC with other types of ligands can be very
complex and hard to predict. In our work, we argue that the surface chemistry, be
it ligands and/or shell, can be designed to further improve the radiative rate of the
Si-NCs, beyond what is achievable by the quantum confinement alone. Our experi-
mental work shows a number of effects that indicate that in many instances, the core
and surface capping cannot be separated, and optical properties cannot be clearly
interpreted as “extrinsic” (related to the surface capping agent) or “intrinsic” (related
to the core only). To this end, we performed also a detailed theoretical analysis of a
number of surface ligands, to identify the role of chemistry and how that improves the
optical properties of Si-NCs. Based on these investigations and findings, we realized
two main things. Firstly, we argue that one cannot derive a simple rule to predict
which type of element or molecule will improve or deteriorate the optical proper-
ties, because every individual element added (covalently) to the surface of Si-NC
contributes to the electronic density via several mutually dependent effects, such as
(i) orbital displacement, (ii) direct contribution of surface species into the density
of states close to the bandgap, (iii) charge transfer due to the relative polarity of the
surface capping element and Si, or (iv) ligand/matrix induced strain. Secondly, we
realized that the k-space projections of the molecular orbitals, i.e., the band structure
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of the nanocrystal, are an essential and critical tool for investigations of the elec-
tronic and optical properties in materials with an originally indirect bandgap, since
the surface chemistry in our simulations affects strongly the whole band structure.

1.1 Introduction

Silicon is a cornerstone of the modern civilization. Thanks to all its superlatives,
such as abundant resources, non-toxicity, bio-compatibility and biodegradability,
chemical robustness, low cost production, naturally forming oxide, and many more
advantageous properties, it is in fact desirable material for any application. Silicon
makes up about 28% of the Earth’s crust by mass. Bulk silicon dominates CMOS
micro-electronics technologies and enabled digital technologies through transistors
to the computing central processing unit (CPU). It also plays an important role in
photovoltaics and the detector industry, despite its poor band-edge absorption, for
which it compensates by a higher material thickness. Silicon is currently entering
also battery applications, for its enormous capacity for Li ion intake [27]. Silicon
was reported to be, even in its nanocrystalline form, non-toxic [3, 9, 56, 125] and
bio-degradable [154], with superior photo- and pH-stability [82], which opens oppor-
tunities also in the traditionally high health risk areas such as cosmetics, agriculture
or medicine, for example, as theranostic agents [170]. However, for optical applica-
tions in lighting, displays, lasers, and amplifiers, as well as thin film photovoltaics,
bulk silicon is not best suited due to its indirect bandgap (Fig. 1.1a). Radiative recom-
binations of electrons and holes, as well as optical excitations of electrons across the
bandgap, require the participation of phonons, which lowers the probability of such
transitions. The resulting weak oscillator strength of the optical transitions leads
to a low radiative rate and a slow absorption onset with a weak absorption at the
band-edge.

Nevertheless, finding/designing a silicon form that can efficiently emit light is
obviously highly desirable. A silicon light source would enable the realization of
the long awaited on-chip-integrated silicon laser and hence also all-Si photonics
(the main topic of this book series), and consequently also optical CPU architecture
[1]. Moreover, such a light source could also be implemented in the on-chip inte-
gration of the light emitting diodes (LEDs) [146], desired for the light-weight and
modular micro-LED displays and lighting. Efficient band-edge absorption would
be beneficial for silicon-based thin solar cells, which would also enable a wide
spread of solar energy for transportation and other areas where besides efficiency
also portability or light-weightiness are essential. Also, because of its non-toxicity
and bio-compatibility, silicon can play an essential role in the bio-imaging [56] and
bio-integration (with human body) of optically driven micro-devices, sensors, and
interfaces [101].

For the last two decades, we have been searching experimentally and theoretically
for paths toward enhanced optical capabilities of silicon, especially the wavelength
tunability and radiative rate, via combining the quantum confinement and surface
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engineering in ligand-capped silicon nanocrystals (Si-NCs) (We note that for sim-
plicity, we use the “Si-NCs” term also for materials, where the crystallinity of the
nanoparticle has not been proven or measured and should be better named silicon
nanoparticles). Properties induced by the surface chemistry are measured experimen-
tally on both single nanoparticle and ensemble levels. Such analysis is combined with
theoretical simulations via semi-empirical tight binding and from first principles by
the use of self-consistent ground state density functional theory (DFT).

1.1.1 Quantum Confinement

The most reliable route toward an enhanced oscillator strength, and hence also the
enhanced radiative rate and absorption cross section, has been so far via the utiliza-
tion of the quantum confinement in Si-NCs. Bright size-tunable emission from the
Si-NCs was first reported in 1990 in a pioneering work of Canham et al. [19] on
H- and oxidized porous silicon, followed by many more reports from differently
prepared and capped Si nanostructures in the following three decades [8, 26, 29, 33,
43, 67, 78, 107, 140, 143, 144, 150, 179, 185].

Quantum confinement in Si-NCs has a considerable effect on their electronic
structure, but only for radii comparable or smaller than the bulk silicon’s excitonic
Bohr radius of ~4.9 nm. In such a case, strong spatial confinement of carriers results
in a shift of valence and conduction bands, leading to a bandgap “opening”, where the
bandgap energy increases with the decreasing Si-NC size (Fig. 1.1b, d—g). According
to the simplest effective mass approximation (EMA) model, the optical bandgap E,
scales with the NC diameter d via an inverse parabolic dependence E,(d) o d 2
as a result of the quantum localization. We also need to add the Coulomb term,
which scales with oc d ~! and small polarization terms [14]. In reality, experimentally
investigated Si-NC samples show slightly different values of the exponent, reported
in the literature between 1.3 and 2.0 [122, 214]. The bandgap energy determines
the photoluminescence (PL) peak from the Si-NCs, which can be tuned in a wide
spectral range, from ultraviolet (UV) at ~260 nm to near infrared (NIR) at 1100 nm
[43, 179] (Fig. 1.1d—g). This broad spectral tunability has been experimentally and
theoretically proven in the hydrogen-capped Si-NCs (Fig. 1.1b, d, g) [43]. Despite
being an ideal model of an Si-NC for theoretical calculations, H-capped Si-NCs are
only rarely studied experimentally due to their increased sensitivity to air and UV
light, leading almost immediately to at least partial oxidation, as discussed in more
detail below. This is why only a few reports are included in the collection of literature
data plotting the experimentally reported PL. maxima as a function of NC size, which
yields an exponent of 1.33, but shows a low spread of data points around the fitted
curve. In Si-NCs with other than H-capping, often a much narrower tunability range
is observed [37, 46, 76, 124, 172, 207] due to either a presence of surface sites that
act as a traps for the excited carriers [43, 211], or due to the presence of strain [116], or
simply as a result of limitations of the preparation procedure. Moreover, chemically
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Fig.1.1 Quantum confinement effects in Si-NCs. a Bulk silicon band structure in the '-X direction,
critical for the optical properties, where the bandgap can be identified. Bottom panel shows a silicon
unit cell with the diamond crystalline structure. b k-space resolved density of states (DOS) for the H-
capped Si-NCs of diameter from 1.3 to 3.2 nm, simulated by the DFT using cp2k code (full settings
are discussed in [44]). Bottom panel shows the relative sizes and shapes of the simulated Si-NCs.
¢ “Fuzzy” band structures of 2.3 nm Si-NC capped 50% by hydrogen and 50% by a butyl ligand
—C4Hp (left), partly capped with —H and partly oxidized with —OH and -O- bonds (middle) and fully
—Br capped surface (right). Below are shown real-space 2D cross sections of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) wavefunctions.
The color scheme in (b, ¢) represents the DOS on a log-scale. Bandgap energy and phonon-less
thermalized (7 = 300 K) radiative rates are given in (b, ¢) in each respective band structure plot. d—g
Comparison of photoluminescence (PL) tunability, experimentally reported by various sources: d
Fully H-capped Si-NCs [45, 65, 211]. The gray data points [180] are possibly influenced by strain
and are therefore not included in the fit. e Alkyl-capped Si-NCs [68, 79, 85, 96, 145, 162, 175,
207, 214]. f Oxidized Si-NCs [116]. Solid symbols in (f) denote Si-NCs prepared as free-standing
(e.g., by wet etching or plasma synthesis followed by slow oxidation). Open symbols in (f) stand
for matrix-embedded Si-NCs (prepared, e.g., as SiO,/Si superlattices or by ion implantation or
samples involving thermal oxidation). The fits are meant only as a description of the data and are
PL max = —0.0027d3 + 0.0564% — 0.47d + 2.9 for the free-standing and PL max = 0.005842 —
0.13d + 1.9 for the matrix-embedded samples. Data from [116] are reused with permission from
AIP Publishing. Panels (d—f) contain also fits of the data and the corresponding 95% confidence
bands. g Comparison of fit curves from panels (d—f)
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different surface ligands were themselves experimentally [22] and theoretically [215]
shown to cause spectral shifts.

The effects of the quantum confinement on the bandgap energy is common to all
types of semiconductor NCs. In an indirect bandgap semiconductor, such as silicon,
additional effects occur due to the relaxation of the k-selection rule as a consequence
of the larger spatial confinement of carriers. In silicon NCs, this in turn enhances
the radiative rate k4, based on the theoretical calculations, proportionally to the
inverse cubic function kyq(d) o< d =3 [8]. In particular, there is about a 3—4 orders
of magnitude increased phonon-less radiative rate in the smallest Si-NCs, when
compared to the bulk Si, reaching ~107 s~! for the simulated ~1 nm H-capped Si-
NCs [39, 44, 75, 159]. Despite such a considerable improvement, radiative rates for
the Si-NCs emitting in the visible spectral range still remain much lower than those
in the traditionally employed direct bandgap semiconductor NCs with the radiative
rates exceeding 108-10° s~!, suggesting a persistently indirect nature of the bandgap
in the Si-NCs and the importance of the k-space information in general.

An interesting development with respect to the enhanced radiative rate in Si-
NCs has been published only very recently [180]; The authors study a series of
H-capped Si-NCs prepared by a standard bottom-up sol-gel approach and observe
a gradual size-induced PL shift from 700 to 530 nm. Whereas the larger Si-NCs
exhibit the typical slow PL decay rates, at the size range below 1.7 nm, the PL decay
rate is enhanced by about five orders of magnitude. (Argumentation is provided as to
whether this PL decay rate is most likely the radiative rate.) This observation could
be interpreted as the switch between indirect bandgap-like and direct bandgap-like
emission in Si-NCs; the authors interpret their experimental data in terms of a switch
between a bulk-like and molecular size regime. It is unknown why these particular
very small Si-NCs exhibit fast PL decay, but the authors admit to the possibility that
the small Si-NCs are strained.

Despite the generally limited success in the enhancement of the radiative rate for
Si-NCs with emission in a visible spectral range and often observed limited tunabil-
ity range of the bandgap in various ligand-capped Si-NCs, some of the best Si-NC
materials with bright emission have already been implemented in various optoelec-
tronic prototypes of light emitting devices [6, 43, 51, 55, 139, 163]. Nevertheless,
such devices have not yet been commercialized and remain in a research and devel-
opment stage, suggestive of the fact that a much needed improvement of their optical
properties is still required.

1.1.2 Complex Role of Surface Chemistry

The most frequently quoted property of a nanocrystalline semiconductor material is
the above discussed “size-effect”. One of its manifestations is the optical bandgap
tunability via quantum confinement in the NCs smaller than the Bohr’s excitonic
radius. In most semiconductor NCs, such as the direct bandgap III-V or II-VI NCs,
the size of the core offers a robust parametrization for the optical bandgap energy.
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However, in the case of the Si-NCs, the size of the NC core is not enough to determine
neither the optical bandgap energy nor the radiative rate, both being significantly
affected by the surface chemistry, e.g., by organic coatings (Fig. 1.1e), oxide capping
and strain (Fig. 1.1f).

The often observed strong influence of ligands on the optical properties of the Si-
NCsis due to acomplex interplay between the core and the covalent surface chemistry
with other elements, and the relatively large percentage of atoms being located at
the surface (a very useful tool giving insight into the basic possible arrangements of
atoms and bonds can be found in [105]). This interplay manifests via charge transfer,
strain, orbital displacement, and the direct contribution of the surface elements to the
density of states near the bandgap. Silicon is a light element, and its valence electron
states are relatively close to the elements that are often considered as capping agents,
such as oxygen, nitrogen, or carbon. Silicon can covalently bond with many elements
with a various degree of electron sharing/transfer, stability, opto-chemical robustness
or resistance against oxidation (which is a strongly preferred reaction under normal
conditions). The most robust and studied types of cappings in the literature are H—,
silica oxide (O-), hydrocarbon (organic) C—, O— or N-linked ligands, and halides
(—=Cl, -Br, -I or -F), together with the P- and B- surface co-doped Si-NCs [182].
For the sake of completeness, we note that it is important to realize that the photo-
chemical stability of a certain bond cannot be easily deduced from the Si-X bond
dissociation energy (DE), derived for the diatomic species [132], because the covalent
bond strength changes in the presence of other bonded species, or under strains
[202]. This is a result of the different orbital displacement caused by the additional
bonded species, which can weaken the bond. Hence, the silane SiH4 molecule is
extremely unstable, violently reacting with oxygen, but Si-NC capped with H can
resist oxidation for a very long time. This is because the dissociation of the Si-H bond
is easier when in the —Si-H; or even —Si-H3 form, and therefore, the —SiX3 species
on the Si-NC surface are less stable than the —SiX species. Also, various facets
on the Si-NC surface have different Si coordination and are therefore subject to
different strains in the presence of ligands due to steric hindrance effects. The highly
curved surface of small Si-NCs also results in distorted/strained bonds, which further
decreases their stability and makes them more prone to reactions or disintegration.
For these reasons, stability of, e.g., H-capping on the surface of a Si-NC will differ
for a crystalline and an amorphous Si-NC, as well as for large or small Si-NCs, and
possibly also for Si-NCs prepared by different methods. This further complicates the
main question of this chapter on how a certain element or molecule influences the
optical properties of a Si-NC, because one type of ligand can lead to very different
results, when placed in different positions on the Si-NC surface.

The H-capping is the simplest and best understood ligand, and as such is also
a great “clean” starting point for the subsequent surface treatments [149]. Despite
the extreme reactivity of the SiH4 with air, as discussed above, the H-terminated Si
surfaces are on their own chemically very stable, because the Si-H bond is strong
and nonpolar; however, a direct photo-desorption occurs under a UV-blue irradiation
[104]. As a result of the native indirect bandgap, persisting also in small Si-NCs
[80, 159], Si-NCs absorb efficiently only from the blue-UV range, rendering the H-
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capped Si-NCs surfaces photo-chemically unstable for the light-related applications.
Nevertheless, despite their opto-chemical instability, H-capped Si-NCs are often
presented in the literature as a reference material and a starting point for theoretical
simulations, because their optical properties are purely core-driven.

1.1.2.1 Oxide Capping

Silica oxide is naturally forming on the surface of silicon under exposure to air. There-
fore, silica oxide-capped Si-NCs are one of the most accessible and analyzed types of
Si-NCs. Capping with oxygen atoms can be done in several ways, as a double bond
Si=0, as a bridging bond Si-O-Si, or via —OH groups [25]. The first two types have
been reported to lead to limited bandgap tunability [74, 166, 167, 200, 211, 216] and
slower radiative rates [40, 78]. The limiting effect of oxidation on spectral tunability
has been first experimentally reported by Wolkin et al. [211] on porous silicon, pre-
pared from bulk crystalline silicon by electro-chemical etching in solution composed
of ethanol, water, and HF acid. This resulted in a H-passivated ‘“nano-sponge” surface
[83, 211], which contained small H-capped Si-NCs. As demonstrated by Wolkin et
al. [211], the H-capped surface oxidized under exposure to air, when excited by UV
light, which was accompanied by a change in color of the emitted PL.

For the larger oxide-capped Si-NCs, the PL peak was shown to be size tunable
[10, 23, 52, 84, 122, 187, 211]; however, the tunability would often end in the red
range close to 620-650 mm, indicating possible involvement of the surface oxide
states [133]. This PL is always characterized by a slow ~ s decay, for which it has
been named in literature as an “S-band” [17]. For the smaller Si-NCs, the limit to
which the emission can be tuned varies greatly through the literature [46]. A detailed
overview can be found in [116] with the data sets re-plotted in Fig. 1.1f, clearly illus-
trating the existence of two distinct classes of oxide-capped Si-NCs, characterized
by a different size dependence of the PL maximum. These two classes of Si-NCs
correlate with the way the samples were prepared—either as “free-standing” (e.g.,
by a wet etching) or as “matrix-embedded” (e.g., by an ion implantation). We have
hypothesized that in the matrix-embedded samples, the matrix exerts a compressive
strain on the crystalline Si-NC cores, which leads to the corresponding shift in the
electronic bands and consequently to the reported red-shifted emission, when com-
pared to the free-standing oxidized Si-NCs. Interestingly, an analogical influence of
the matrix was also reported in CdS,Se;_, NCs [176]. An opposite effect, i.e., the
expansion of the crystalline lattice in oxidized Si-NCs, was demonstrated by doping
Si-NCs with lithium [102], leading to a blue-shifted PL emission. Interestingly, the
collection of the experimental data on the PL peak maximum as a function of the size
of the NC d from the literature in Fig. 1.1f could not be satisfactorily fitted using the
EMA-like model E?C = E}g’“lk + C/d®P. Therefore, a polynomial, meant simply as
a quantitative description, was used. The different shape of the size dependence of
the bandgap might imply that an additional effect of possibly size-dependent strain
is present in such oxidized samples. These oxide-capped Si-NCs exhibit typical
stretched-exponential PL decay of the order of tens or hundreds of microseconds
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[72], whose various properties [81, 197], including (the lack of) saturation of its
power dependence [36, 73], were discussed in countless publications.

Interestingly, unlike other types of capping, a thin oxide shell was shown to lead
to a very narrow luminescence linewidth [183], which could be very beneficial, for
example, a high color definition required in application for displays. Oxidized Si-NCs
can be also very interesting for application in the medical field. They are relatively
photo-stable and were shown to be non-toxic [98, 155, 170, 177, 193]. In aqueous
environments, oxide-capped Si-NCs slowly dissolve into the omnipresent, benign
silicic acid [155], i.e., they are bio-degradable. The size of the lumminescent oxide-
capped Si-NCs is always below ~5 nm, which is a limit for a safe excretion from a
living organism via urine [126], but can be an issue for its possible entry through the
blood-brain barrier [71]. Also, upon excitation, oxide-capped Si-NCs are a source
of oxygen radicals that are toxic to the neighboring tissue, an effect suggested for
possible use in photo-induced local cancer treatment [108, 156, 191], or as a carrier
of radioactive isotopes [158]. The red and slow decaying emission offers also a great
contrast to the often fast decaying blue-green emission from organic tissue [144]. For
the optical applications, however, the oxidation of the Si-NC surface might not be
desired, when a full spectral tunability through the whole visible range is required,
as well as high radiative rates.

1.1.2.2 Organic Capping

Another type of surface capping, well represented in the literature, but less under-
stood theoretically, is via organic molecules, often long alkyl chains attached via
hydrosilylation. Unlike in oxidized Si-NCs, the bandgap tunability curve for alkyl-
capped SiNCs (Fig. 1.1e) can be fitted with an EMA-like model, albeit using a slightly
different exponent than that in H-capped Si-NCs. Thus, this shape of the tunability
curve suggests that in the alkyl-capped Si-NCs, the emitted PL resembles more that
of the “ideal” H-capped Si-NCs system rather than the PL of the oxidized Si-NCs,
in agreement with ab-initio studies [44, 171]. The large spread of the reported data
around the fitted curve in Fig. 1.1e, also critically pointed out in [85] for this type of
Si-NCs, is partly a result of the inclusion of many reports in this data set, where every
measurement, especially the determination of size, is inevitably connected with an
error [189, 190]. However, as some recent literature suggests, it can also signify
some degree of influence of the alkyl chains on the emitted PL, be it their length,
type of attachment or surface coverage [44]. Furthermore, synthesis of organically
capped Si-NCs often involves heating of organic solvents, which has been reported
to lead to the presence of other than Si-NC emitters, such as e.g. carbon dots, which
could skew the reported PL properties if not carefully eliminated [17, 151, 209].
The comparison of the PL tunability curves in Fig. 1.1g confirms the presence
of a limit around the end of the red spectral range for most of the experimentally
investigated Si-NCs (except the H-capped ones) [37, 76, 180, 207]. It is very likely
that most of the experimentally investigated organically capped Si-NCs are partly
oxidized under UV-blue illumination, since due to the steric hindrance between the
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organic ligands, the surface cannot be 100% capped by organic molecules [44]. A
possible culprit of the observed difference in the tunability limit of alkyl- and oxide-
capped Si-NCs with respect to the H-capped ones might also be a “stability problem”,
where the surface of a too small Si-NC might be too reactive to be passivated after
the core has been formed, since the attachment of ligands can simply lead to the
disintegration of the whole Si-NC. Such a stability problem could in principle be
circumvented by the various one-pot synthesis schemes of already-passivated Si-
NCs [165].

The PL decay is for the larger, red-NIR emitting alkyl-capped Si-NCs, similarly
slow as for the oxide-capped Si-NCs, albeit with much better quantum yields [85, 97,
175]. Moreover, there are certainly some new developments in this field of research:
Ensemble-induced effects start to be discussed in these Si-NCs [92, 145], the discus-
sion on the periodicity of the core and its influence on the PL has been opened [189,
190], and even a fast PL. component has been reported within this red emission band
[11]. Pressure-dependent PL studies of organically capped Si-NCs perfectly agree
with bulk-like band shifts [79], pointing toward a possible core-related origin. Inter-
estingly, very similar band shifts were reported also in oxide-capped Si-NCs [116].
Comparable PL changes in alkyl- and oxide-capped Si-NCs were also reported in
temperature-resolved measurements [138]. On the contrary, alkyl- and oxide-capped
SiNCs were observed to exhibit different phonon modes in Raman measurements
[86], interpreted in terms of oxide-induced strain.

While origin of the slow decaying PL in organically capped Si-NCs is accepted as
core-related, the vast majority of the bottom-up wet-chemically synthesized Si-NCs
exhibit unusually fast, nanosecond decaying PL in the blue-green spectral range [41,
53, 85, 113, 173, 206, 210, 217], whose origin is still a subject of intense debate
and will be discussed in the following sections.

1.1.2.3 Direct Bandgap-Like Emission from Si-NCs: The “F-Band”

Quite controversially, a bright emission with direct bandgap-like radiative rates of
107-10° s~!, and often a blue-green spectrum, has been reported experimentally
from various Si-NCs capped with oxide [5, 90, 109] (see the latest review in [17]),
and also for organic ligands [41, 53, 85, 113, 173, 206, 210, 217]. Throughout the
literature, to differentiate between the traditionally slow decaying Si emission and
the often observed fast decaying emission bands, the two are often labeled as the
“S-band” for the slow emission and the “F-band” for the fast one. The “S-band” PL
has typically 1-100s microsecond lifetime and red-NIR tunable energy, as described
above. The “F-band” is very often confined to the blue-green spectral region and has
afast 1-10 nanosecond PL decay. In the past, the “F-band” has been assigned mostly
to an extrinsic origin, such as oxygen- [12, 58, 59, 66, 69, 77, 168, 192, 194, 212]
or nitrogen-related surface sites [34]. Other literature sources gave evidence for its
possible intrinsic origin [42, 99, 152, 164, 195, 205] connected with the core or
a combination of intrinsic and surface-related emissive sites [30, 44, 64]. A large
body of literature explores also the possibility that this emission is entirely unrelated
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to the Si-NCs and is caused by carbon dots or other organic impurities [18, 20, 21,
24, 35, 57, 121, 129, 130, 151, 201, 209]. With respect to the carbon impurities,
in our recent critical study [209], we show that despite the confirmed presence of
Si and NCs in the elemental and materials analysis of the sample, the emission still
did not originate from the Si-NC, but from ill-defined organic impurities, possibly
carbon dots. Hence, one must perform synthesis of a control sample, as well as a
direct (preferably correlative) single-dot microscopy, to be able to confirm that the
emissive nanoparticle is indeed the Si-NC, and not a carbon dot, which would also
exhibit size-dependent properties.

At least some blue PL can be emitted by nearly any (mostly organic or oxide-
related) compound, when detected with high enough sensitivity. Therefore, clearly,
extreme care needs to be taken to rule out other species than Si-NCs as the source
of the observed PL. However, if we exclude the possibly of an erroneous assign-
ment, given the broad scope of the reported origins of the fast emission, it is highly
improbable that a single, all-encompassing explanation exists. More probably, differ-
ent physical phenomena are responsible for the fast emission in the different samples,
and often, more than one of the proposed mechanisms might apply even in a single
sample. Thus, we do not believe that the F-band label should apply to such a broad
scope of phenomena and that several, possibly overlapping, sub-groups exist within
this type of emission, as we have already suggested elsewhere [117]. Therefore, a
detailed preparation history of any studied sample needs to be complemented by a
thorough characterization to differentiate between the individual modes of emission.
Additionally, taking into account the very small size of just a few crystallographic
planes, sometimes even the concepts of, e.g., a “surface-site” might not be that easy
to grasp. In most cases, the wavefunction of an electron or a hole inside a NC will
be spread over a large part of the core [44], rather than just residing on a certain
surface site or being homogeneously delocalized over the whole core volume. Such
an effect is evident, e.g., from the real-space localization of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied MO (LUMO) wavefunctions
in, e.g., Fig. 1.1c. Therefore, except for few extreme cases, a differentiation between
a surface- or core-related origin can be blurred [110]. In fact, the reality of the light
emission of the Si-NC is governed by a complex interplay of many intertwined
phenomena, as we have recently discussed in [44], and parallel experimental and
theoretical approaches are “a must” in order to achieve further progress.

Despite the described uncertainties, the silicon community is dedicated to uncover
the origin of this fast decaying and often very efficient “F-band” emission, as it holds
great promises for optical applications of silicon. In our experimental work, we
researched the “F-band” emission using various methods and differently prepared
Si-NCs, including reports of positive optical gain [49]. In our most recent work, we
focus on the k-space projected density of states of Si-NCs with various ligands [48,
80, 115, 159], described in the following section, to uncover the possible evolution
of the “direct bandgap-like” optical transitions that could stand behind the F-band
emission.
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1.1.3 The K-Space Projections of the Density of States

The physics of emission from the Si-NCs is in general challenging and not yet fully
controlled due to a complex, almost organic-like covalent chemistry on the silicon
surfaces [16], which can, moreover, depend also on the preparation technique of the
Si-NC core [208]. This leads to a complex electronic interplay between the silicon
and ligand states, where the surface bonded elements can strongly affect the whole
electronic structure of the Si-NCs [44] (Fig. 1.1c), especially the real- and k-space
density of states (DOS) profiles, and consequently also the bandgaps and radiative
rates. In fact, the k-space resolved DOS in NCs is under-represented in most of the
available theoretical literature and is not a standard option in the DFT simulations
packages (unlike for bulk crystals). However, this might be slowly changing, as more
recent work is adopting this approach as well [11, 162].

Band structure, or a k-space projected DOS, is a very useful formalism for the
description of the electronic and optical properties in bulk crystalline materials. This
often used approximation uses a simplified description of a quantum state of a solid
based on single electron states. It assumes that the electrons travel in a static poten-
tial without dynamically interacting with the lattice vibrations, other electrons, etc.,
(or in other words the adiabatic and Hartree—Fock approximations are applied to
the corresponding Schrodinger equation). This approach has proven very successful
even beyond the scope of the initial approximation, as, for example, an exciton or a
dopant/ impurity/ defect can be viewed as a small correction to the states within the
band structure. One important assumption from which the band structure concept
is derived is the requirement for a long-range translational symmetry in an ideally
infinite crystalline material. In a macroscopic crystal, the lattice can be considered
infinite without too much simplification, since 1 cm? of a crystalline material can
contain some 10%* atoms. Similar simplification, however, would be far too crude
for a small nanocrystal, whose crystalline core can contain as few as 500 atoms.
Despite clearly breaking the requirement for being infinite and having a long-range
translational symmetry, the band structure description has been used by the experi-
mentalists to qualitatively and sometimes quantitatively describe some of the aspects
of the behavior of semiconductor nanocrystals [60, 89].

In our tight binding simulations [48], we adopted this approach for the high-
est occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) (see Supplementary information in [48]; Fig. 1.2a). To uncover the k-space
profile of the density of states |W; k)%, we performed a Fourier transform of the
real-space molecular orbital |¥;(r)|. The density of states p;k = |W;r|?> can be then
plotted along a specific direction, e.g., I'—X and I'—L. This allowed us to identify
an enhancement in the DOS around the I" point for the LUMO, indicating direct
bandgap-like transitions. This finding was accompanied by a 1000 x enhancement in
the phonon-less radiative rates and enhanced absorption cross section (Supplemen-
tary information in [48]).



