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Silicon Compound Nanomaterials: Exploring Emission
Mechanisms and Photobiological Applications

Ateet Dutt,* Rafael Antonio Salinas, Shirlley E. Martínez-Tolibia,
Juan Ramón Ramos-Serrano, Manmohan Jain, Leon Hamui, Carlos David Ramos,
Ebrahim Mostafavi, Yogendra Kumar Mishra, Yasuhiro Matsumoto, Guillermo Santana,
Vijay Kumar Thakur, and Ajeet Kumar Kaushik

1. Introduction

The linkage between multiple fields of
knowledge is one aspect to consider for
generating high-impact developments. In
that direction, nanotechnology is an emerg-
ing field that uses the information and
expertise from multidisciplinary branches
such as engineering, physics, chemistry,
and biology, among others (Figure 1a).
This field has different perspectives on
dealing with medical, food, and environ-
mental issues. One of the benefits of
working with nanotechnology, especially
nanomaterials, is to study and improve
the interaction of biological systems at
the nanometric scale for the convergence
of intracellular processes like molecule
transport and activation/deactivation of
oncogenic pathways.[1,2] Materials can offer
variable challenges and advantages depend-
ing on the application where they are
employed. For instance, different materials
are listed as suitable alternatives, such as
CdSe, TiSe2, CdTe, ZnSe, Cu2S, AgBr, C,
and Silicon (Si), which have been used as
analysis tools in different biological science

After the first visible photoluminescence (PL) from porous silicon (pSi),
continuous efforts are made to fabricate Si-based compound nanomaterials
embedded in matrices such as oxide, nitride, and carbide to improve optical
performance and industrial acceptability. These nanomaterials’ functional and
desired properties (nanoparticles and quantum dots embedded in matrices) can
vary significantly when embedded in technologically relevant matrices. However,
exploring the exact emission mechanisms is one of the remaining challenges
from the past few decades. To cover this gap, this review discusses the mor-
phological and optoelectronic properties of Si-based compound nanomaterials
and their correlation with the quantum confinement effect and different surface
states to find precise emission mechanisms. One of the biggest challenges of
using silicon nanomaterials in the biological sector is the development of sen-
sitive materials of low/acceptable toxicity for identifying target analytes either
inside/outside the biological platforms. In this scenario, silicon-based compound
matrices can offer different characteristics and advantages depending on their
size configurations and PL emission mechanisms. On the other hand, a proper
understanding of these multifaceted silicon nanomaterials’ optical properties
(emission mechanisms) can be exploited for pathogen detection and in situ
applications in cells and tissues, embarking on a new era of bioimaging
technology.
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fields.[3–11] The perspective on semiconductors is comprehen-
sive; however, the addition of nanoparticles (NPs) or nanocrystals
(NCs) can potentiate their optical signal responses, offering
enhanced performance in addition to the benefits mentioned
earlier.

Especially talking about Si, it offers appropriate properties
such as biocompatibility and biostability, providing lucrative
opportunities to utilize them in biological systems. This

manifests the significance of materials development that can
potentiate, inhibit, detect, or provide a general overview of intra-
cellular processes for monitoring the interaction between cells
and nanostructures. A complete study and knowledge in this area
could enable using Si-based nanomaterials in biomedical and
biotechnological (i.e., imaging, bacterial detection, and inhibi-
tion) sectors. However, one of the main limitations of developing
optical emitters, detectors, and imaging diagnostics devices
based on Si technology (bulk form) is the indirect bandgap of
this material.[12] This constraint makes Si a so-called “dark”mate-
rial for luminescence applications because of its long radiative
lifetimes and lower efficiency.[13,14] In general, the low photolu-
minescence (PL) efficiency of bulk c-Si in a near-infrared region
is associated with its electronic band structure, generally
represented by the dispersion relation, E(k). This represents
the electron (or hole) energy at the band edge, in terms of the
crystal momentum or wave vector, k, in the first Brillouin zone
(BZ). The E versus k data calculated from empirical pseudopo-
tential methods found that silicon structure is similar to a
diamond lattice with an indirect-bandgap material.[15,16]

The upper valence band (Eg) is centered at the BZ (k= 0), and
each one of the equivalent minimal conduction band (Ec) is
situated at k= 0.86 π/a, where a is the lattice constant of c-Si
(5.4307).[17] On the other hand, below the effective mass approx-
imation (EMA), electrons and holes can be considered free-
charge carriers at the bottom of the conduction band and the
top of the valence band, respectively, and the corresponding state
densities are parabolic. One solution is to investigate and develop
Si-based light-emitting sources (NPs and NCs) that could easily
be integrated with the existing Si-based electronic circuit
technology.[13]

After the first visible emission from pSi thin films, it was
inferred that Si properties could be varied depending on the
material dimensionality, discovering that the characteristics of
its nanostructures could diverge hugely from their counterparts,
that is, bulk structure.[18–20] This finding led to a worldwide
investigation to explain and explore the optical responses from
Si quantum dots (QDs), NPs, and NCs, among others.[21] It is
imperative to mention that these different forms could be differ-
entiated with the size distribution. For instance, for NPs, the size
range is �0–100 nm; for semiconductor QDs (0–10 nm), and in
the particular case of Si QDs, it is less than 5 nm to obtain con-
finement effects. Thus, depending on the size distribution and
their applications, these different terminologies will be hencefor-
ward used in the present review. Likewise, when QDs and NPs
are embedded in different surrounding matrices (oxides—SiOx,
nitrides—SiNx, and carbides—SiC), one can control the size and
density distribution and provide good passivation to the whole
system (more details are provided in the subsequent section).
Several investigations related to the structural, optical, and
electrical analysis of Si-based nanomaterials have been explored
and discussed in some of our recently published reports.[22–29]

Now, keeping in mind the optical responses offered by Si-based
compound nanomaterials (QDs, SiOx, SiNx, SiC) and the expe-
rience gained from our previous studies, we believe that the PL
properties could be a linking point to the biological research.
Moreover, in this review, the Web of Science database has been
used to compile information about the number of literature
reports in the area, in general, for bioimaging and optical

Figure 1. a) Schematic representation of nanotechnology and its relation
with other research fields (Created with Biorender.com). b) The systematic
search using the Web of Science platform; data are for the period from
2008 to 2023, the y-axis is the number of publications. A–H denote differ-
ent search filters: A) Nanoparticles for Bioimaging, B) Quantum Dots for
Bioimaging, C) Nanoparticles and Optical Diagnostics, D) Quantum Dots
And Optical Diagnostics, E) Silicon Nanoparticles for Bioimaging,
F) Silicon Quantum Dots for Bioimaging, G) Silicon Nanoparticles And
Optical Diagnostics and H) Silicon Quantum Dots And Optical
Diagnostics.
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diagnostics. A particular search was realized for Si QDs and
NPs for the afore-mentioned applications. To identify the rele-
vant literature, multiple keywords, and term combinations were
used, including “Nanoparticles for Bioimaging,” “Quantum Dots
for Bioimaging,” “Nanoparticles And Optical Diagnostics,”
“Quantum Dots And Optical Diagnostics,” “Silicon
Nanoparticles for Bioimaging,” “Silicon Quantum Dots for
Bioimaging,” “Silicon Nanoparticles And Optical Diagnostics,”
and “Silicon Quantum Dots And Optical Diagnostics,” respec-
tively (Figure 1b). It can be clearly seen that the tendency for
the usage of Si-based compound nanomaterials is still limited
in the area of bioimaging, and once we understand the optical
properties of these complex compound nanomaterials, a new
era of the research area could be explored for the early detection
of diseases.

The present review highlights the properties of these
multidimensional nanomaterials for attractive applications by
understanding the complex topic of the PL mechanisms and also
will present the state of art of Si-based compound nanostructures
for bioimaging applications. Since materials type and their
dimensions can modify the PL emission of Si nanomaterials,
it is fundamental to evaluate their responses under different
conditions to know how they could behave and adapt to diverse
biological environments. In addition, some critical points, such
as fabrication techniques and mass-scale production, are also
briefly discussed, which will help researchers from different
backgrounds to exploit Si QDs properties even more. At last,
the role of Si in modern medical diagnostics, with an emphasis
on lower-cost, prompt, and reliable response, early detection of
diseases, and sophisticated therapy development (tissue), is
presented.

2. Embedding QDs and NPs in Thin-Film
Matrices and their Relative Properties

2.1. Why is the Need for Embedding Si Nanomaterials?

Over the last few years, various configurations and models have
been used to grow Si-based compound thin films. As a result,
different deposition and surface modification strategies are
shown in Figure 2 as a general overview of these nanomaterials
and their applications. As shown, a classification is made based
on relevant deposition techniques such as plasma-enhanced
chemical vapor deposition (PECVD), low-pressure chemical
vapor deposition (LPCVD), atomic layer deposition (ALD), as well
as tailored surface modification methods (aqueous and vapor-
phase), all of which have been applied for the development of
microelectromechanical and nanophotonic devices, integrated
circuitry (IC) and optical devices, chemically reactive electrodes,
and biosensors.[30]

As mentioned, from p-Si, it was inferred that Si properties
could be varied depending on the material dimensionality, dis-
covering important characteristics of these nanostructures.
However, some investigators found that p-Si had some limita-
tions, such as instability and fragile nature, because of its high
surface area, broad particle size distribution, and poor photo-
chemical stability.[31–33] Therefore, the need to embed Si NPs
in the host matrices was first evidenced in 1994.[31] Then, the
search for new production techniques to control the morpholog-
ical characteristics, such as particle size, and to attain the stability
of embedded NPs, was investigated.

A chemical synthesis that produces a colloidal dispersion with
reasonable size control is one of the most widely used techniques

Figure 2. Schematic summary of the main configurations of Si-based nanomaterials based on deposition techniques and their applications. References
are numbered as indicated: a)[100,218,219], b)[220–222], c)[222–224], d)[225,226], e)[227], f )[228], g)[229], h)[230], i)[231], j)[232], k)[233], l)[234], m)[235], n)[236].
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for obtaining Si-based compound nanomaterials. This technique
is ideal when the fabrication of QDs and NPs at low temperatures
is required.[11] Afterward, the growth of nanostructures embed-
ded in these matrices was developed using ion implantations fol-
lowed by postdeposition heat treatment methods, reporting a
successful PL emission.[34–36] In this method, excess Si was pre-
cipitated as NPs (or QDs when they were smaller). In compari-
son, Si ultrathin films immersed in different dielectric matrices
(SiOx, SiNx, and SiC) and their oxide forms (SRO silicon-rich
oxide, SRSO silicon-rich silicon oxide, SiOxNy, SiOxCy) have
proven to be the best options to obtain Si-based compound nano-
materials by depositing nonstoichiometric films.[36–44] It is well
known that embedding NPs and QDs in these matrices could
substantially change the structure’s optical and electrical
properties.[45]

Regarding the characteristic features of each dielectric matrix
and their applications, previous eports describe the increase in
the refractive index (RI) by increasing the Si amount in these
Si-rich dielectric matrices.[37–41] Some investigators used this
property for designing planar waveguides, allowing the develop-
ment of on-chip photonic devices.[46] In addition, when dielectric
matrices (with a wide bandgap) surround Si NPs, this enables the
electron–hole pair confinement in the NPs, QDs, and the overall
system could display the quantum confinement effect (QCE).
The luminescence related to QCE in these materials has attracted
attention due to the intense PL in a vast spectrum region from
infrared (IR) to ultraviolet (UV).[28,47,48]

QDs with a diameter lower than the Bohr radius and narrow
size distribution exhibit higher PL intensity due to a more sig-
nificant localization of electrons and holes in a confined area,
thus, increasing the probability of radiative recombination. In
the case of PL properties, it has been shown that QDs embedded
in an oxide matrix have PL energy less than 2 eV; on the other
hand, for nitride matrix, they have PL energies between 1.5 and
2 eV (Figure 3a), and near 3 eV, as shown later in Table 2. SiOx

matrix shows a reduction in PL owing to the structure distortion
caused by a double oxygen bond. Hence, the SiNx matrix is con-
sidered more stable due to the better passivation by nitrogen
atoms. Discussion about complex luminescence mechanisms
is the key delivery point of this review, and detailed discussions
can be found in the succeeding sections. As mentioned earlier, it
is well known that the overall optoelectronic properties of Si QDs
and NPs could also vary extensively depending on factors such as
their size distribution, spacing between them, and the embed-
ding matrix.[49] The barrier height is also one of the decisive
factors for optoelectronic properties such as conductance.[50]

The lower barrier height in SiNx and SiC matrices makes them
more conductive than SiOx (Figure 3b).

[51] Figure 3c–e shows the
PL emission of Si QDs embedded in SiOx, SiNx, and SiOxCy

matrices.[22,27,52] Figure 3c shows the effect of annealing treat-
ments on the QDs size distribution and hence, the control over
different emissions at the visible region. It can be seen that dif-
ferent heat treatments induced a size change that further invoked
the confinement effect, and overall an indirect-bandgap material
was able to emit in different regions. Then, Figure 3d represents
a solid visible emission from Si QDs embedded in the SiNx

matrix, observed after irradiation with a 325 nm source. Lastly,
Figure 3e shows a white emission from Si QDs in SiC deposited
by organic catalytic chemical vapor deposition (O-Cat CVD).

Conceivably, PL property motivated the development of electro-
luminescent devices (ELDs) based on Si-rich dielectrics; the first
attempts were made on SRO thin films.[53] For designingmodern
optoelectronic applications, it must be kept in mind that injecting
charge carriers into SRO and other oxygen-rich matrices is diffi-
cult due to their wide bandgap and low mobility. In that case,
nitride and carbide are proposed as alternatives due to their lower
barrier height and higher mobility.[25,49] Another prospect for
these Si-compound thin films is their application to improve
solar cell efficiency as antireflective or downshifting layers, which
absorb UV radiation and re-emit it in the visible region.[54]

Recently, Si NPs have been tested in different structures to
develop photovoltaic devices, such as n-type Si QDs/p-type c-Si
heterojunction, p-type Si QDs/n-type c-Si heterojunction, and
p–i–n diodes.[55,56] Efficiencies below 15% have been reported
in structures of these types; however, the main limitation is still
the difficulty of transferring the electric charge due to dielectric
matrices.[57] A brief comparison of the properties reported for
Si-related matrices is summarized in Table 1.

The following sections thoroughly discuss the PL properties of
Si NPs and QDs in three matrices. As seen in the discussion
before, the dimensionality of these matrices provokes some
critical changes in QD confinement. In summary, this review
collates the PL mechanisms of Si NPs embedded in the different
matrices and their respective properties, highlighting their usage
for remarkable upcoming applications. Moreover, the potential
of Si-based compound thin films is presented for ultrasensitive
biomolecular detection and dynamic imaging analysis, with
motivation on real-time detection.

3. Emission Mechanisms of Si Nanostructures in
the Oxide-Related Matrix

Asmentioned earlier, in 1990, foremost, intense visible emission
from green to red color was observed from porous Si nanostruc-
tures (SiO2) when excited with a UV laser (3.1 eV),[20] observed
later by Chiodini et al. (3.7 eV).[58] Afterward, other researchers
observed the relation between the optical absorption of 2D nano-
structures and NPs size, finding that the smaller particles tended
to emit light at higher-energy values (shorter wavelength).[59]

Though many reports have described the visible emission of
Si NPs, and QDs in oxide matrix, the emission mechanisms
are still under debate between surface defect states and the
QCE.[60,61] More details regarding these two mechanisms have
been provided in the following sections.

3.1. Quantum Confinement Effect (QCE)

The QCE in semiconductor materials, especially those with an
indirect bandgap, has got much interest as it significantly
modifies their electronic band structure. In the case of Si, this
principle was first explained by Canham, which states that when
the size of Si NPs is sufficiently small (i.e., <5 nm order of
Coulombic exciton radius), the photogenerated electron–hole
pairs can get trapped inside the resultant quantumwell and could
emit in the visible instead of the infrared region (bulk c-Si).[19]

In that case, energy levels for the trapped exciton pairs are
inversely proportional to the quantum width well, depending
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on the Si NPs size. After discovering QCE in NCs, other config-
urations such as porous, free-standing NPs, Si NPs, QDs embed-
ded in SiO2, and Si/SiO2, superlattices have also been studied for
a range of applications.[62] To explain this effect, we can substi-
tute the term exciton pairs with wave functions related to these
species, confined in a potential well of defined thickness. In brief,
it could be stated that, with the decrease in Si NPs size (decreas-
ing the size of the potential well), the ground-state energies are
henceforth increased, also resulting in an increment of the
bandgap, which is further correlated with the formation of dis-
crete energy levels (Figure 4).

From Heisenberg´s uncertainty principle, direct transitions
caused by the spreading of the wave function in momentum
space could be explained, and also, the increase in the gap energy
in that particular case is clear from the following relation

ΔEg ¼
ћ2p2

2MR2 (1)

where R is the Si NP size, M is the effective exciton mass, p is
momentum, and ħ is a constant. Thus, a shift in the higher ener-
gies (shorter wavelength) of emission spectra is direct evidence

Figure 3. a) Energy gaps of 3D-confined Si NCs in SiO2 and SiNx matrices. Reproduced with permission.[237] Copyright 2007, Hindawi. b) Bandgap of
oxide, nitride, and carbide matrix alignments. Reproduced with permission.[51] Copyright 2006, Elsevier. c–e) PL emission of Si QDs in different matrices.
Reproduced with permission.[22,27,52] (c) SiOx, Copyright 2017, RSC; (d) SiNx, Copyright 2017, Elsevier; (e) SiOxCy, Copyright 2015, Elsevier, respectively.
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of QCE.[63] However, calculating the gap energy for Si-based
compound thin films is a complex process. Several approaches
and models, like EMA, empirical pseudopotential approach
(EPA), and tight-binding scheme, are considered. EMA is one
of the most used models, which explains the concept straightfor-
wardly. There are numerous studies regarding the dependence of
Si QDs size and PL peak energy; however, an association
between the peak photon energy (in eV) and QDs diameter
(in nm) is under the following equation[64]

E ¼ 0.925þ 3.73
d1.39

þ 0.881
d

(2)

Later, Delerue et al. proposed another relation for this associ-
ation, Epl= Egþ (3.73/d1.39), where Eg is the bandgap of Si bulk,
and d is the average diameter of NC.[65]

In summary, the significant repercussions of QCE on
nanostructures are 1) broadening of wave factors, making the
structure similar to a direct bandgap, that is, no need of phonon
for inter-transitions; and 2) It also results in a bandgap widening.
This similarly causes an increase in the emission intensities due
to the small size of NPs with well-defined energy levels.

3.2. Surface and Interface States

Koch et al. explained that besides QCE, other complex situations
could occur inside the NPs and QDs.[66] Still, photon absorption
happens inside, but exciton pairs’ recombination could occur in
different localized states. In the first case, transitions and recom-
binations can occur as usual, resulting in band-to-band radiative
recombinations (QCE). In the second case, it could also occur in
the form of a band-to-surface state (defect state), and in the third
case, it could show a surface-to-surface recombination process
(electrons and holes are confined in distinct surface states).
This model states that PL intensity dramatically depends on
the NPs and QDs size (experiments performed under fixed PL
peak position at 1.7 eV).[62] In 1993, another theoretical model
was deduced to explain the emission at 1.7 eV, establishing that
energy absorption still occurs inside the Si core. Once more, the
exciton pairs move out to the interface between the Si NPs and
host matrix layer (SiO2) to recombine radiatively. In this case, a
quantum well is formed due to the bandgap mismatch between
the Si and oxide layers, but the quantum well width is indepen-
dent of NP size.[67] Other authors also present similar structure
types, as shown in Figure 5. The authors suggested the band
alignment of Si NPs embedded in the SiO2 matrix
(Figure 5a). After calculations, they found a value close to
1.7 eV reflecting the role of the confinement region and surface
states.[68] Figure 5b shows the proposed PL mechanisms for the
green emission from the SiOx matrix. As shown, different

Table 1. Summary of optical and electrical properties commonly reported
for si matrices.

Matrix Type Refractive
index n

at 632.8 nm

Maximum
of PL

emission [eV]

Mobility
[cm2 V�1 s�1]

(2 nm crystal size
and inter-dot distance)

Silicon carbide (SiC) 2.7–3.0[240] 2.2–2.7[241] 102[49]

Silicon oxide (SiOx) 1.4–2.7[242] 1.9–2.8[243] 10�2[49]

Silicon nitride (SiNx) 1.9–2.2[70] 2.0–2.6[24] 1[49]

Figure 4. An illustratory diagram of the difference in the bulk and Si QDs
bandgap, highlighting the QCE concept.

Figure 5. a) Band diagram of Si NPs (mean diameter of 2.6 nm) embedded in SiO2 matrix. Reproduced with permission.[68] Copyright 2011, AIP.
b) Representation of the different interface states and transition levels between the valence and conduction bands, giving rise to distinct color emissions.
Reproduced with permission.[69] Copyright 2014, Springer Nature.
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regions have been marked (I), (II), and (III), showing the impor-
tance of varying interface states for the visible emission from the
oxide matrix. Relative energy levels are crucial and influence the
complex structure’s emission properties.[69]

Other experiments were performed, finding that even after
carrying out various annealing or oxidation conditions, PL was
always observed close to 1.7 eV. At last, it was confirmed that
this peak at 1.7 eV was independent of Si NPs size, and defect
states such as Pb (Si3≡Si• defects) were causative of this
emission.[59,60,70] One possibility to distinguish defect sites is
using electron spin resonance (ESR) technology. The crucial
observation from these experiments is that PL emission is not
size dependent on Si QDs (≤3 nm) embedded in the SiO2 matrix.

Under this regime, an exciton recombination could occur from
the interface states formed inside the bandgap of QDs.
Additionally, when Si QDs are embedded in an oxide matrix
(SiOx), distinct centers such as Si–H (hydrides) bonding states,
oxygen-deficient centers (Si–Si), nonbridging oxygen centers
(SiO), surface-trapped excitons, and/or dangling bonds can also
provoke emission from thin films.[24,27,29] Moreover, passivation
types (saturation of terminal bonds with hydrogen and oxygen
species) are also critical for emission mechanisms as well.
Therefore, the passivation of Si QDs is an essential parameter
for the final PL properties, as shown in Figure 6.

Figure 6a shows the PL spectra of Si QDs when excited
with a source (4.4 eV) under different oxidation levels and

Figure 6. Effect of different passivation environments on Si QDs. a) Role of oxidation on the PL intensity. Two main contributions around 1.8 and 2.4 eV
can be seen from oxidized samples. PL spectra of C-terminated (green), partially oxidized (orange), and heavily oxidized (red) Si QDs. The inset illustrates
the illuminated spot (blue) and the photooxidized area (red). Reproduced with permission.[71] Copyright 2013, Springer Nature. b) Passivation of Si QDs
under different conditions resulting in overall changes in the size of QDs. Reproduced with permission.[27] Copyright 2017, RSC. c) Illustration of the
radiative channels in H–, O–, and C– passivated Si QDs. Reproduced with permission.[71] Copyright 2013, Springer Nature.
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C termination by oxygen.[71] As observed, oxidation provokes sig-
nificant changes in the PL intensity and position. This could also
be a surplus when different color emissions for respective QDs
applications are desired. Figure 6b presents a suitable model
where QDs are passivated under different circumstances, such as
partial O and partial H. It was also observed that QDs size is
either incremented or decreased depending on the condition.[27]

and consequently, changes can be measured in the final bandgap
of the material. Figure 6c shows the radiative rates of excitonic
recombination in QDs, in terms of the electron and hole
densities distribution in the real and k-space. It was observed that
H– and O– terminated QDs show slow radiative PL. In compari-
son, regarding C- terminated QDs, the rate is increased due to
less participation of phonons in the process. The aforementioned
discussion illustrates that not only the size but the surrounding
environment is also very influential on the optoelectronic prop-
erties of QDs.[71]

3.3. Other Mechanisms

As mentioned above, other mechanisms can cause emission in
Si-based thin films, such as oxygen deficiency center (ODC),
which causes the particular emission at 2.7 eV.[72] Figure 7a
Nonbridging oxygen hole center (NBOHC) with a specific emis-
sion at 1.85 eV.[73–76] and particularities such as full width half
maximum (FWHM) of 0.17 eV and decay constant of 20 μs is
observed in Figure 7b.[60] The existence of self-trapped exciton
(STE) results in characteristic emissions in the range of
2–3 eV (Figure 7c). E’ center could present different emission
bands between 2.7 and 3.7 eV (460–335 nm) (Figure 7d).
Finally, hydrogen-related surface species could exhibit specific
emissions in the visible region (2.3 eV) related to siloxene and
SiH2 bondings.[77,78]

3.4. Complexity among Different PL Mechanisms

Looking over all the possible emission mechanisms related to Si
NPs and QDs embedded in an oxide matrix, it is understandable
that recombination and radiation are very complex procedures.
One cannot expect a single process, for example, QCE depending
on the particle sizes because there are many dichotomies
between the diverse mechanisms. All these surface states, like

NBOHC, STE, ODC, and hydrogen-related defect sites, partici-
pate parallelly with the QCE model. Even as presented in a pre-
vious report, disagreement was found in the PL peak energy in
correlation with the NPs size, which provided evidence regarding
the complexity of this phenomenon.[79] As the size of NPs
decreases, it helps to extend the bandgap. Thus, it causes the
generation of many interface states between the valence and con-
duction bands. It is evident that the emission from Si NPs and
QDs embedded in an oxide matrix is multifaceted. There is
always a chance of hopping exciton pairs between various energy
levels related to the particle sizes or at different surface/defect
states (Figure 5b). In contrast, these energy levels could also
be correlated with diverse defect states, as discussed earlier.
Advanced optical characterizations, such as time-resolved PL
(TRPL), could always help to interpret the precise mechanisms
behind the emission of Si-based compound thin films.[29]

4. Hydrogen Passivation Effect on PL Emission

Despite different approaches and materials widely used for
Si-based light source fabrication, their emission efficiency is
limited by general physical properties, such as defects in the host
matrix.[80] Nevertheless, when considering the presence of hydro-
gen in Si electronic devices, several investigations have shown its
ability to passivate the dangling bonds present in the matrix,
directly impacting the device’s stability, optoelectronic proper-
ties, and electrical output, among others. It is well known that
hydrogen passivation allows the adjustment of Si NPs and
QDs optical properties, modifying the chemistry of the surface
and revealing an efficient emission.[81–85] Wilkinson et al.
observed that good passivation of Si NPs enhances their lumines-
cence efficiency.[83,86,87] However, dangling bond defects could
reduce the overall luminescence due to its nonradiative
behavior.[65,88–93] Thus, hydrogen passivation is crucial for
increasing nanocrystal luminescence; additionally, understand-
ing the passivation process allows maximum luminescence
efficiency. On the other hand, hydrogen-passivated Si NPs have
shown dispersibility, and oxidation resistance is enhanced in
these cases.[94] The model of hydrogen-passivated Si NPs
(Si71H84) embedded in SiO2 is shown in Figure 8a.[84]

Moreover, surface hydrogenation is also crucial due to the
absence of oxygen atoms bonded to the NPs affecting the
luminescence mechanisms.[80,95,96] The effect of hydrogen
passivation with respect to other elements and the impact of
the NPs symmetry on Egap highest occupied molecular-orbital-
lowest unoccupied molecular-orbital (HOMO-LUMO) can be
observed in Figure 8b,c.[83]

Different hydrogen passivation techniques can be employed,
such as ion implantation of hydrogen or deuterium, laser abla-
tion, post-thermal treatment, and postmetallization annealing
process with Al (known as alneal) and Cr, but the most used
is thermal annealing in forming gas. This can improve the pas-
sivation of interfaces compared to the other techniques due to the
formation of a large amount of atomic hydrogen. The annealing
treatment parameters, like temperature, environment, and dura-
tion, affect the radiative recombination of NPs and QDs.[97,98]

Thus, the thermal H2 passivation can be modeled by essential
chemical reactions as follows

Figure 7. Schematic models for different defect states. a) ODC(I) and
ODC(II), b) NBOHC, c) STE, and d) E’ center.
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Pb þH2 !
kf

PbHþH (3)

PbH!kd Pb þH (4)

where

kf ¼ kf 0e
�Ef
KT (5)

kd ¼ kd0e
�Ed
KT (6)

Other passivation techniques have shown different behaviors.
For instance, the PL spectra from NPs (implantation of 50 keV Si
ions on SiO2 matrix and post-annealed) after deuterium implan-
tation have been demonstrated to reduce the defect band
(Figure 9a). Moreover, the increase in deuterium concentration
presents a decrease in the NPs PL intensity. Further, thermal
annealing induces deuterium diffusion, which augments the
PL intensity, passivating the NPs. Even though for temperatures
higher than 500 °C, the passivation effect is reduced due to the
out-diffusion of deuterium.[99] As discussed earlier, PL spectra in
Si NPs embedded in matrix materials are mainly composed of
QCE and other mechanisms based on models that consider
the interface between NPs and the matrix or surface states per-
turbed by passivated hydrogen bonds.[83,100,101] The emission
mechanisms for Si NPs embedded in different matrices are quite
complicated, considering that they own a highly reactive surface.

Several models have explained the absorption and lumines-
cence of these materials because hydrogen-terminated surfaces

are susceptible to oxidation. However, the emission is influenced
by localized defect states’ interface and excitons’ quantum con-
finement.[83,102,103] The photogenerated carriers diffuse through
a thermally activated mechanism to the surface of NPs, where
confined excitons produce the PL radiation by one of these
models. On the surface state model, absorption occurs in the
NPs, and recombination occurs at the passivated surface via
localized defects states.[87,101] Based on these models, Wolkin
et al. calculated the NP size and surface passivation-dependent
energy band structure. In contrast, the NP size becomes smaller,
and the surface states could play a prominent role (Figure 9b).
Also, in Figure 9c, it is observed that in the presence of oxide
bonds, a blueshift is perceived for hydrogen-passivated
NPs.[79] In summary, hydrogen passivation, surface hydrogena-
tion, defect sites, and size dependency could induce changes in
PL emission in nanostructures, which could be advantageously
adapted to biological environments to detect PL emission change
responses under different conditions.

5. Emission Mechanisms of Si Nanostructures in
the Nitride-Related Matrix

The first works that reported the QCE of a particle in a box were
based on the development of a simple model, which allows
obtaining an analytical expression that correlates the NPs size
L and confinement type (1D, 2D, 3D) with the bandgap energy
values and/or PL peaks position.[104–106] The expressions to

Figure 8. a) Model results for passivated Si NPs, with H, SiO2, and C, of 1.4 nm diameter. Reproduced with permission.[84] Copyright 2012, RSC
Publishing. b) HOMO–LUMO gaps of SiXx. Reproduced with permission.[83] Copyright 2008, APS. c) QD diameter is dependent on HOMO and
LUMO energies. Reproduced with permission.[83] Copyright 2008, APS.
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obtain the energy shift ΔE and the confined gap (Eqcg) and/or PL
energy (EPL) of a confined semiconductor NP with infinite poten-
tial barriers, considering the simple effective mass approxima-
tion with electrons and holes with effective mass me* and
mh*, are shown under the following equations.

ΔE ¼ π2ћ2

2m�L2
(7)

EPL ¼ Eg þ
π2ћ2

2L2
1
m�

e
þ 1
m�

h

� �
(8)

where the confinement constant C is given by

C ¼ π2ћ2

2
1
m�

e
þ 1
m�

h

� �
(9)

Owing to their simplicity of fabrication and the advantage that
QCE is three times higher in the 3D than in the unidimensional
case (quantum wells), Si NPs embedded in a dielectric matrix
have attracted higher interest than other superlattice systems.

Previously, it was described that optimizing the photolumines-
cent properties in SiOx has significantly advanced. However,
developing efficient optoelectronic devices is still a constant tech-
nological challenge. This derives from the difficulty of injecting
charge carriers related to their high potential barrier. On the other
hand, highly applied electric fields are close to the dielectric soft-
breakdown region, significantly shortening the life of the device.

Si NPs and QDs embedded in a silicon nitride matrix (SiNx)
are another interesting Si-based material that displays intense
PL. Besides showing a better capability for tuning the PL of
embedded Si NPs and QDs, the SiNx matrix is an alternative
to SiOx for the fabrication of ELDs because it presents a lower
barrier for carrier injection (electrons and holes) during the oper-
ation of these ELDs compared to SiOx.

[107–109] SiNx thin films can
be prepared by diverse techniques. However, the selection of any
deposition technique is determined by various factors such as
cost, control of deposition parameters, film quality, and in this
case, scalability to the existent CMOS infrastructure. Table 2
summarizes the different methods for obtaining Si QDs embed-
ded in the SiNx matrix and some of their related properties.

Figure 9. a) Room-temperature visible PL spectra of implanted SiO2 films with D passivation postannealing. Reproduced with permission.[238] Copyright
1996, AIP Publishing. b) NPs’ size and surface passivation are dependent on electronic states. Reproduced with permission.[79] Copyright 1999, APS.
c) NPs size-dependent energy bands and the PL energy position. Reproduced with permission.[79] Copyright 1999, APS.
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The PECVD techniques for these thin-film preparations have
gained attention due to their excellent compatibility with the
existing Si-processing technology.[110,111] Regarding Si QDs
embedded in SiNX matrix grown by PECVD using SiH4 and
N2 and/or NH3 mixtures, it has been found that when QDs
surfaces are well passivated with Si─N and Si─Hbonds, the sam-
ples have intense PL emission in the visible region.[112–114]

As shown in Figure 10a, it was reported that the correlation
between the bandgap energy and the Si QDs size could be fit
in accordance with the quantum confinement model, with con-
stant C= 13.9 eV nm2 for QDs embedded in silicon nitride
films. This indicates that quantum confinement is remarkably
increased in Si QDs spontaneously grown in silicon nitride films
using SiH4 and NH3 mixtures in the PECVD system. The fitted
bulk bandgap energy of 1.13 eV and the significant quantum con-
finement parameter of 13.9 can be attributed to an enhanced
crystallinity and a well-passivated surface of Si QDs, as observed
in Figure 10b. As discussed previously, PL emission mecha-
nisms are strongly influenced not only by the structure
(amorphous or crystalline), average size, dispersion, and density
of Si QDs but also by their surroundings, which have a signifi-
cant influence over the passivation of QDs surface and the chem-
ical stability provided by the host matrix. It further depends on

the deposition method and preparation conditions, as shown in
Figure 10c, where it can be observed that PL emission is changed
as a function of the matrix compositions and annealing
type.[115,116] On the other hand, Benami et al. reported the PL
from Si nanoclusters embedded in SiNx films prepared by the
PECVD technique from chlorinated precursors such as SiCl4/
NH3/H2 or SiH2Cl2/NH3/H2 mixtures. This work investigated
the influence of hydrogen dilution on the structure, optical
and luminescent properties of films and its impact on the PL
characteristics in terms of the quantum confinement model.
It was concluded that the PL peak position of the as-grown sam-
ples depends strongly on the H2 flow rate and can be attributed to
quantum confinement, whereas the intensity depends on the
passivation state of the Si NCs embedded in the SiNx matrix,
as presented in Figure 10d.[117] Goncharova et al. reported that
the maximum PL emission strongly depends on the film stoichi-
ometry, and it does not change significantly with different
annealing temperatures and times (Figure 10e).[118] However,
A. L. Muñoz-Rosas et al. reported electroluminescence (EL) of
four configurations of metal–insulator–semiconductor (MIS)-
type nanolayered structures, employing Si QDs embedded in
silicon nitride luminescent films and dielectric silicon
nitride (as a spacer). The average size and superficial density

Table 2. A summary of preparation methods, PL emission band, and related emission mechanisms of si QDs in SiNx matrix.

Synthesis method Precursors PL [eV] Properties References

PECVDa) Silane (SiH4)þ Ammonia (NH3) 1.5–2.0 Si-rich cluster surrounded by N─H and Si─H bondings [244]

LICVDb) SiH4þNH3 3.2, 3, 2.8, 2.7, 2.4,
2.3, and 2.0

≡Si0! Ev (3.2), N–Si–O defects (3), Oxide defects (2.8), ≡Si�!
=N� (2.7), EC!≡Si0 (2.4), ≡Si0!=N� (2.3) and EC!≡Si� (2)

[245]

HFCVDc) Disilane (Si2H6)þNH3 2.5� 0.1 and 3� 0.1 Silicon (2.5� 0.1) and nitrogen (3� 0.1) dangling bond defect [246]

LPCVDd) implanted
with nitrogen ions

SiH4þNH3 1.7–2.9 Amorphous silicon nitride intrinsic defects (N-centers) [228]

VHF-PECVDe) SiH4þNH3 2.17 Radiative centers related to the Si dangling bonds (K0) and N4
þ or N2

0. [247]

PECVDa) SiH4þNitrogen (N2) 3.15–3.95 (Excitation
range 3.35–5.16 eV)

STEs and energy transfer to donor-acceptor pairs. [248]

PECVDa) SiH4þN2 1.25 – 1.45 Amorphous and crystalline silicon nanoclusters [249]

Heavy-Ion-Irradiated
PECVDa)

SiH4þN2 1.82, 2.04 and 2.25 QCE (1.82), K-centers (2.04) and N-centers (2.25) [250]

PECVDa) SiH4þN2 1.9–2.9 Band tail states and K- and N-center [219]

APCVDf ) SiH2Cl2 þ NH3 2.53 and 3.29 QCE (2.53) and surface states around Si QDs (3.29) [251]

PECVDa) SiH4þNH3 1.6–2.73 Band tail states [252]

PECVDa) SiH4þN2 1.7 and 2.3 Tail-to-tail recombination (1.7) and direct band-to-band
recombination (2.3)

[253]

PECVDa) SiH4þNH3 2.45–3.1 QCE (QCE) and radiative defects [254]

LPCVDd) Si2H6þNH3 1.84, 2.01, 2.10, 2.22,
and 2.42

Amorphous silicon nanodots (1.84), Si-NPs (2.01), silicon (2.10)
and nitrogen (2.22) defects and the amorphous matrix (2.42)

[255]

RPECVDg) SiH2Cl2þH2þ Argon (Ar)þNH3 2.37 and 2.7 Interference effects (2.37) and Si QDs (2.7) [256]

PECVDa) SiH2Cl2þNH3þ Ar 2.58 QCE [257]

LPCVDd) SiH4þNH3 2.0 Intrinsic defects (N centers) [228]

PECVDa) SiH4þNH3 1.9, 2.4 and 3 QCE (1.9), Si dangling bonds (2.4) and Nitrogen defects (3) [258]

PECVDa) SiH4þNH3þN2 2.15 Interference effect [259]

a)PECVD; b)Laser-induced chemical-vapor-deposition technique; c)Hot filament chemical vapor deposition technique; d)LPCVD; e)Very-high-frequency PECVD; f )Atmospheric
pressure chemical vapor deposition; g)Remote PECVD.
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Figure 10. a) PL peak energy for crystalline Si QDs as a function of dot size. Dotted lines are fitted curves for crystalline Si QDs. The filled circles are data
points obtained for Si QDs. b) TEM images of different samples show the Si QDs embedded in a silicon nitride film matrix to measure Si QD size.
Reproduced with permission.[239] Copyright 2006, AIP Publishing. c) Room-temperature PL spectra of as-grown and annealed samples growth in different
matrices. The insets show the corresponding emission color of the PL spot, as they are seen with the naked eye. Reproduced with permission.[115]

Copyright 2006, AIP Publishing. d) Room-temperature PL spectra of silicon nanocluster for as-grown samples deposited at different H2 flow rates.
Reproduced with permission.[117] Copyright 2007, Elsevier. e) Representative PL spectra for the set of silicon nitride samples.[118] Copyright 2015,
AIP Publishing. f ) HRTEM images of SiQDs films.[119] Copyright 2018, MDPI.
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for NPs were 3.1 nm and 6.04� 1012 particles cm�2, respectively
(Figure 10f ).[119]

Additionally, significant investigations have explored the use
of chlorinated precursors (dichlorosilane, among others) and
their influence on the microstructure, chemical stability, and
PL properties of NPs and QDs in nitride matrices. The hydrogen
from the precursor helps to extract the Cl from the thin-film sur-
face, thus forming anHCl bond.[24] These reaction changes could
be either exothermic or endothermic in nature. On the other
hand, the probability that atomic hydrogen breaks the weaker
bonds from the thin film, either on the surface or in bulk, is very
high. Furthermore, depending on the energy attained, these
bonds could be formed on the surface or in bulk due to the dif-
ferent reactions with the atomic hydrogen and dichlorosilane,
generating silylene species anchoring in free dangling bonds.
In these cases, the total concentration of hydrogen in the cham-
ber is not only from H2 but also from the NH3 source. The most
probable bonds to be broken during the reaction process are
Si─H, N─H, and Si─Si.[24] In this way, the Si─H and Si─Si
breaking bonds help in the formation of reaction centers for
growth enhancement of Si NPs and QDs inside the SiNx matrix,
whereas dissociation of the N─H bond endorses the matrix
growth, favoring insertion of the silylene species (exothermic
reactions) which can increase the average size of Si NPs and
QDs. According to the theoretical calculations obtained in this
report, in all cases, the insertion of silylene species on the
Si─Cl and Si─H bonds generated crystalline zones in the nitride
matrix producing many Si─Si bonds.[24] Consequently, the exo-
thermic reactions could induce a local heating process inside the
matrix, and as a result, the crystallinity of Si QDs is enhanced in
the case of the SiNx rich in Si, as evidenced by Figure 11a,b and
the SAED images shown in Figure 11c when compared with
Figure 11d–f for SiNx matrix rich in nitrogen.[24] In all cases,
these samples showed visible PL following the QCE, as observed
in Figure 11g for the silicon-rich and nitrogen-rich matrix,
respectively. It can be concluded, in this case, that by controlling
the reaction phases and N/Si contents in nitride matrices, PL
properties (peak positions and intensities) could be well-
controlled to be used for desirable bioimaging applications.

6. Emission Mechanisms of Si Nanostructures in
the Carbide-Related Matrix

After a brief discussion on essential aspects of oxide and nitride
matrices, this section provides insights into carbide matrices.
Silicon carbide (SiC) and oxycarbide (SiOxCy) thin films can play
a crucial role in Si-based optoelectronic and photonic
devices.[29,120–123] Silicon oxycarbide (SiOxCy) denotes the struc-
ture where Si is simultaneously bound to oxygen and carbon. It is
considered a hybrid-nature material that owns the attributes of
organic and inorganic functional groups.[124,125] Notably, its
mechanical strength, thermal stability, and chemical properties
depend on the inorganic part, whereas hydrophobicity,
plasticity, and solubility depend on the material’s organic
components.[125–127] Moreover, the film features of the SiOxCy

matrix strongly depend on the composition ofmultielements, that
is, SiO2 and SiC, etc. Hence, the property of SiOxCy thin film can
be tailored by regulating deposition parameters.[127–129] Different

research groups demonstrate that carbide and oxycarbide matri-
ces provide many more attractive features than conventional
matrices.[22,28,29,120,121,130–132] Diverse research groups have also
explored various applications of SiOxCy thin films in the biomed-
ical field, as radiation-tolerant material, gas barrier coating for
PET bottles, anode material for storage batteries, and piezoresis-
tive sensors, among others.[133–143]

It is possible to regulate the refractive index between 3.2 and
1.5, respectively, by changing the oxygen–carbon ratio in this
matrix.[144] This property has been used to develop low-loss wave-
guides in the near-infrared region.[145,146] Conversely, in recent
years, the PL study on SiOxCy thin films has increased promi-
nence due to its wide range of intensive emission in the visible
spectra in recent years.[29,120–123] Table 3 summarizes different
methods for obtaining Si QDs embedded in the carbide and oxy-
carbide matrices and some of their related properties.

6.1. PL Mechanisms

The PL origin has been investigated by various authors so far
using different characterization techniques such as X-ray

Figure 11. TEM micrograph of Si NCs embedded in the SiNx matrix.
a) Samples growth in a condition to generate Si-rich matrix and
d) samples opposite conditions to generate N-rich matrix. b,e) Zoom from
Si nanocrystal images (a) and (d), respectively. c,f ) SAED of images (b)
and (e), respectively, presenting the orientation of the crystalline planes in
Si NCs. g) Visible PL spectra of Si-rich (sample 1) and N-rich (sample 8)
films when excited with a He–Cd laser at room temperature. Reproduced
with permission.[24] Copyright 2016, IOP Publishing.
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diffraction (XRD), high-resolution transmission electron micros-
copy (HRTEM), electron paramagnetic resonance (EPR), and
TRPL. The role of NPs size in describing the PL mechanisms
of the SiOxCy matrix was first explained by Hayashi et al., where

the role of carbon clusters in the SiOxCy matrix was discussed,
concluding that carbon clusters (�2 nm), equal to or smaller than
C60, could influence PL in the 2.2 eV band.[147,148] B. Garrido
et al. also described the role of QDs in SiO2 implanted with

Table 3. SiOxCy matrix: preparation methods, precursors, PL emission band, and related mechanisms of PL emission.

Synthesis method Precursors PL [eV] Properties References

Radio frequency (RF)
sputtering

SiO2þ C plates 2.2 Carbon clusters (�2 nm) comparable or smaller than C60 [147,148]

Magnetron
co-sputtering

SuprasilþGraphite chips 1.8–2.2 C-related defects, a-Si:O:C regions, and carbon clusters in a-SiO2:C [260]

I-Impa) SiO2 þ Siþþ Cþ 1.4–1.6, 2.0–2.2 and 2.7 Formation of silicon nanocrystals (1.4–1.6 eV), carbon
amorphous clusters (2.0–2.2 eV), and SiC clustering (2.7 eV)

[149–151]

I-Impa) SiO2þ Siþþ Cþ 1.9, 2.5, and 2.7 Formation of Si NCs (1.9 eV), SiC and/or a complex of
Si, O, and C (2.5 and 2.7 eV)

[152]

I-Impa) SiO2þ Cþ 2.53 Amorphous carbon clusters [261]

I-Impa) SiO2þ Siþ þ Cþ 2.1 and 2.7 Amorphous carbon clusters (2.1 eV) and SiyC1�yOx complexes
(x< 2) (2.7 eV)

[153]

RF co-sputtering SiO2þ C plates 2.27, 2.54 C-rich clusters (2.27 eV) and SiC NCs luminescence centers
(2.54 eV)

[164]

RF co-sputtering SiO2þ SiC 2.7 Defects in SiO2 at the SiC/SiO2 interface: Two-fold coordinated
silicon defect (i.e., O–Si–C–O– and

–O–Si–O–) and Neutral oxygen vacancy (NOV) defect

[156]

ECR PECVDb) SiH4þO2þ CH4 2.46 Carbon-incorporated Si nanoclusters [165]

Thermal carbonization/
oxidation of porous silicon

Porous Siþ (N2/C2H2)þwet
argon

2.5 Carbon bonding state and Carbon-based clusters in a silicon
oxide matrix

[262–266]

Pyrolysis process by
sol–gel method

SiO2þ triethoxysilane and
methyldiethoxysilane

2 and 2.21 The presence of a low amount of free C and SiC (2.21 eV) and
presence of Si, C and SiC in the film (2 eV)

[43]

Atmospheric pressure
VHF microplasma jet

TEOS-Ar 2.7 NOV defects [267]

TCVDc) 2,4,6-trimethyl-2,4,6-trisila-
heptane (C7H22Si3)þO2

2.13 CODCs and electronic transitions of Si─C/Si─O─C bond [122,157]

RF magnetron sputtering SiCþO2þ Ar 2.64, 3.22 and 3.78 The ODCs (3.78 eV), Si-Ox related defects (3.22 eV) and surface
defects of 6H SiC nano-crystal particles (2.64 eV)

[128,268]

Catalyst-assisted process SiO2þ CH4 2.34 and 3.26 ODC in SiO2 shell (3.26 eV) and QCE in β-SiC nanowires (2.34 eV) [269,270]

VHF-PECVD SiH4 þ CH4þO2 1.68. 2.13 and 2.7 Si-related NOV Defect (2.7 eV), Si–C related defect state
(2.13 eV) and silicon dangling bond (DB) defects (1.68 eV)

[158-160]

Molten salt mediated
carbothermal reduction route

Silica fume and sucrose 2.93 Quantum size effect due to SiC NWs [271]

HWCVDd) Monomethyl-silane (MMS)þO2 2.21, 2.7 and 2.95 Combination of different defects and QCEs in the
SiOC matrix

[28,121,132]

Cat-CVDe) TEOSþ Ar 2.48, 2.21, 2.7
and 2.95� 3.26

Formation of Si and SiC-based nano-crystals
(2.48 and 2.21 eV) and Defects with H and C related

bonds and ODC defects (3.26–2.95 and 2.7 eV)

[22,29,121,272]

HFCVDf ) Ethanolþ SiO2þH2 2.7–2.8 Si related defects such NOVs and ODCs [123]

RF magnetron sputtering Si or SiC targetþO2þ CH4þ Ar 2.5 Formation of light-emitting centers in SiOx and amorphous
carbon nanoclusters

[120,273]

Cat-CVDe) Mesoporous silica pellets and
TEOS

2.95–3.26 QCEs due to Si─C/Si─O─C bonding groups [274]

Chemical treatment Fumed
silicaþ Tetramethoxysilane

[Si(OCH3)4]

2.5 Carbon precipitates (nanodots) [275]

a)Ion-Implantation; b)Electron Cyclotron Resonance-PECVD; c)Thermal chemical vapor deposition; d)Hot-wire Chemical Vapor Deposition; e)O-CAT CVD; f )Hot filament
chemical vapor deposition technique.
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carbon and Si and explained the reason for PL at different bands
such as 1.4–1.6, 2–2.2, and 2.7 eV, due to the formation of QDs
(1.4–1.6 eV), amorphous carbon clusters (2-2.2 eV), and SiC clus-
tering (2.7 eV), respectively.[149–151] Moreover, other authors sug-
gested as well that the formation of NCs, amorphous carbon
clusters, SiC, and/or a complex of Si, O, and C such as
SiyC1�yOx complexes (x< 2) could exert influence for PL at
1.9, 2.1, and 2.7 eV bands, respectively.[152,153] The formation
of these SiC NPs and QDs is crucial for modern-diagnostic imag-
ing devices, and more information can be found in Section 7.

Theoretically, the confinement effect of SiC can be illustrated
using Equation (10) supporting the relation between calculated PL
peak energy emission and QDs size, as an example, 1–3.42,
3–2.09, 5–1.79 eV.[29,154] Here, it is worthwhile to mention that
the theoretical explanation for the effect of Si NPs is already

discussed in the previous section. Additionally, Figure 12a–g
shows the TEM image of an amorphous SiOxCy matrix showing
the random distribution of SiC and Si QDs in this matrix.

E ¼ 1.24þ 2.18
d0.850

(10)

Furthermore, different defect-related mechanisms have also
proposed the explanation of PL in the SiOxCy matrix. For exam-
ple, Kontkiewicz et al. suggested that the blue PL band in porous
silicon (p-Si) was related to the defects in SiO2 due to carbon
impurities.[155]

Guo et al. explained the blue–green luminescence by the for-
mation of defects like twofold coordinated Si, for example,
�O�Si�C�O� and �O�Si�O� and neutral oxygen vacancy

Figure 12. Distribution of Si and SiC NPs in SiOxCy matrix. a) scanning electron microscopy (SEM) image of thin film; b–d) TEM images correspond to Si
NPs; e–g) TEM images refer to SiC NPs. Reproduced with permission.[29] Copyright 2019, Elsevier. h) PLE spectra of SiOxCy matrix. Reproduced with
permission.[28] Copyright 2019, Elsevier. i) PL decay curves of emission normalized on the intensity of laser pulse at 500, 600, 700 nm excited by
405 nm.[120] Copyright 2017, Elsevier.
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(NOV) defect at the interface of silicon carbide (Si�C) QDs and
SiO2 matrix.[156] Later, some authors assigned the PL band at 1.68
and 2.7 eV due to Si dangling bond (DB) defects and Si-related
NOV defects, respectively. In contrast, Si�C-related defect state
and CODCs were assigned to the 2.13 eV PL emission
band.[122,157–160] Besides these reports, Ramos–Serrano et al.
tried to explain the PL due to the combination of different defects
mechanisms, for example, NBOHC, NOV, among others, and
QCEs in the matrix of SiOxCy PL excitation (PLE) spectra and
TRPL characterizations.[28] Though, the main contribution was
found to be originated from the confinement phenomena.
The PLE is shown in Figure 12h, where excitation bands can
be observable at different peaks, i.e., 265, 295, and 345 nm,
respectively. Here, the presence of the excitation band at
265 nm can be referred to as NBOHC and NOV defect centers,
which are related to the luminescence at 450 nm and
610–650 nm bands, respectively.[161] Besides, other excitation
bands are observed at 295 and 345 nm, which are very close
to the direct optical transitions in bulk Si, that is, (Γ25–Γ15)
and (Γ25–Γ2 0) absorption transitions at 295 and 365 nm, respec-
tively.[162] The shift in the (Γ25–Γ2 0) absorption transitions from
its bulk Si value and the presence of another excitation band at
295 nm can be referred to as the origin of PL due to QCE.[28,163]

A.V. Vasin et al. reported that characteristic decay time depends
on the emission energy and decreases significantly with increas-
ing the emission energy (Figure 12i).[120]

The annealing process is also worth discussing, which helps
us to distinguish the origin of PL between defects-related mech-
anisms and the QCE of NPS and QDs embedded in the SiOxCy

matrix. If the PL band shifts after the terminal annealing process,
it indicates that the size of C clusters or NPs and QDs changes,
which in turn changes the position of the PL band. On the other
hand, PL does not shift with the increasing annealing tempera-
ture due to defect-related luminescence centers.[156,164]

6.2. Si/C/O Ratio and their Influence on PL

The silicon, carbon, and oxygen ratio in the SiOxCymatrix play an
important role, and it may contribute to explain the influence of
these elements on PL emission. Several authors have discussed
the effect of C and Si in thin films.[122,123,153,165,166] The impact of
carbon on the PL and fourier transformed infrared (FTIR) spec-
tra, including the bond area ratio of (Si–C)/(Si–O), is shown in
Figure 13 based on previous studies.[122,123,166] In Figure 13a, the
influence of different C content on the rocking and stretching
modes for the Si─O─Si bonding is shown at 470 and

Figure 13. a) FTIR spectra of SiOxCy matrix for different C contents. The inset illustrates the shift in the Si–O stretching bond as a function of C content.
b) The effect of C/O on the bond area ratio of (Si–C)/(Si–O). c) The effect of C content on Si–O–Si bond angle. Reproduced with permission.[166]

Copyright 2017, IntechOpen. d,e) PLE spectra of SiCxOy films with different carbon concentrations. Reproduced with permission.[122,123] Copyright
2014, AIP Publishing and Copyright 2020, Elsevier.
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1080 cm�1, respectively, while the position of the Si─C bond is
localized at 800 cm�1.[132] The blueshift of these Si─O─Si bands
in the FTIR spectra can be observable with the increment of %C in
the SiOxCy matrix, while the abetment of Si─O─Si bondings rep-
resent the nature of the film, shifting from SiO2 to SiC. Moreover,
Figure 13b shows the linear increase of the bonding area ratio of
(Si–C)/(Si–O) demonstrated with the proportional content of the
C/O ratio. In contrast, Figure 13c shows the effect of C content on
the Si─O─Si bond angle.

The shift in the Si─O─Si stretching bond can also be referred
to as oxygen deficiency, which may increase the possibility of
carbon and/or neighboring silicon atoms with the Si─O─Si
bond, which could help in tuning the PL spectra and its
intensity.[120,132,167–169] Gallis et al. and Coyopol et al. described
the effect of %C on PL spectra, as shown in Figure 13d–e.[122,123]

In both figures, it is easily observed that the intensity of PL spec-
tra decreases with respect to the C increment in the SiOxCy

matrix while the spectrum shifts from blue to red. Therefore,
it can be concluded that the amount of carbon content may help
to tailor the PL properties of the SiOxCy matrix. In summary, the
strong white light emitted by SiOxCy is a sum-up of factors such
as the confinement effect (similar to those of oxide thin films)
and other characteristics closely related to the density of
Si─O─C bonds, with the oxygen defect centers attached to the
carbon.[157] The effect of C content is also discussed for PL spec-
tra, where it is observed that the low carbon content in the SiOxCy

matrix shows a better PL response.
After reviewing the structural, morphological, and optoelec-

tronic features of oxide, nitride, and carbide matrices, the next
section will deal with the application of these matrices in biolog-
ical applications. Significantly, the discussion mentioned in the
earlier sections on the luminescence mechanisms of NPs and
QDs embedded in these matrices will help to design stable, con-
trollable, efficient bioimaging and biosensing systems. A piece of
complete knowledge of the properties and emission mechanisms
will allow experts from multidisciplinary areas to come forward
and work on the development of modern detection systems with
desired characteristics.

7. Silicon-Based Matrices and Optical Properties:
A Viewpoint for their Application in Biological
Systems

Nanomaterials research for biological applications has an actual
emerging projection and beyond. The use of specific non-
destructive techniques, such as PL, from Si-based compound
thin films has opened a new pathway for developing novel nano-
materials compatible with biological systems (bacteria, yeast, ani-
mal cells, and tissues).[170] Nevertheless, depending on the
characteristics offered by each Si matrix (size, porosity, toxicity,
emission mechanisms, biocompatibility, chemical stability, and
target affinity), these can be focused on applications for the iden-
tification of target analytes either inside or outside the biological
systems. For instance, Si nanomaterials with high biocompatibil-
ity and low cytotoxicity can be employed in applications in the
clinical sector. Si NCs and their composites have an important
projection in the biological field, which contain almost no heavy
metals or less toxic metals. As far as the authors know, silicon by

itself can be degraded into nontoxic silicic acid in vivo and
excreted in the urine and stool.[171] In some cases, biocompati-
bility is also explored through the fusion with another material
with a perspective of polymer encapsulated. Shiohara et al.
reported that the biostability (no cytotoxicity) of epoxide-termi-
nated Si QDs is maintained until 112 μgmL�1 in vivo, whereas
diol-terminated Si QDs were biostable until 448 μgmL�1.[172]

Erogbogbo et al. studied polyethylene glycol (PEG) micelle-
encapsulated Si QDs as fluorescent probes used for in vivo imag-
ing, finding that the inhibitory particle concentration was higher
than 500 μgmL�1, corresponding to 50% cell viability.[173]

In addition, Ya-Kun Dou studied water-dispersible Mn2þ-
functionalized Si NPs, which maintained stability at different
pH and NaCl solutions showing excellent biocompatibility.[174]

On the other hand, nanomaterials with specific features that
could compromise cellular functions can be used to detect ana-
lytes immersed in external environments. In this sense, Si-based
nanomaterials have a projection for broad-field applications in
cell imaging, drug release, biomarking, immunotherapy, and
biodetection, among others. Besides, QDs are robust nanostruc-
tures that enhance these interactions through their size,
improving PL features, even advantageously over traditional
dye molecules or fluorescent proteins.[175] The applications are
diverse, and as stated before, a specific size configuration allows
distinctive characteristics that could be improved with embedded
Si QDs. This section will discuss studies focused on the versatil-
ity and contribution of Si-based nanomaterials that provide
optical responses (PL, fluorescence, Raman) and their applica-
tion in the biological sector (Figure 14).

Figure 14. General overview of biological applications of Si-based nano-
materials (Created with BioRender.com).
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7.1. Interaction of Silicon-Based Nanomaterials with Live Cells:
A Perspective for the Clinical Sector

Since Si is an element commonly found in traces and excreted
from the organism through the urine; their NPs can represent an
alternative to materials based on toxic heavy metals in biological
surroundings.[176,177] Likewise, the main concerns regarding the
use of these technologies are the biodegradability and toxicity of
the nanomaterials themselves.[178–180] In clinical applications for
humans, renal clearance can mitigate toxicity; however, it can
maintain harmful components in mononuclear phagocytic sys-
tem (MPS) organs.[170,181] The required hydrodynamic size for

renal clearance is <5.5 nm.[181] Therefore, the Si NPs’ size
improvement, matrix configuration, and biocompatibility will
determine their application in the biotechnological field. In
Table 4, we present diverse works about nanostructured Si-based
materials (SiC, SiOx, and SiNx) and their interactions with ani-
mal cells that have found application in bioimaging, biolabeling,
drug release, cell therapy, and osteointegration.

Carbide matrices have unique electrical, mechanical, and ther-
mal properties, which can be implemented for on-chip integra-
tion applications (microdevice) through thin-film 3C-SiC MEMs
with a specific function.[29] Moreover, SiC NPs can carry good PL
at lower wavelengths than Si NPs alone, which is considered a

Table 4. Silicon-Based nanomaterials for clinical applications.

Silicon
compound

Matrix Response Analyte studied Biological application References

SiC 3C-SiC QDs NPs< 1.6 nm PL Fluorescence 3T3-L1 fibroblasts Bioimaging [276]

SiC QDs embedded on nano-Ag/SiNx/
glass substrates

PL 3T3-L1 fibroblasts Bioimaging [277]

Si QDs/Au core–shell nanostructures Fluorescence Pancreatic cancer cells (Panc-1, MIA
PaCa-2 and ASPC-1)

Bioimaging [278]

Ultrathin epitaxial deposited SiC
membranes

Fluorescence Mouse 3T3 fibroblast Bioimaging [183]

Ultrasmall SiC USNPs< 3 nm Fluorescence BSAf ) Biomarker [279]

SiC NPs< 5 nm Fluorescence 3T3-L1 murine fibro- blasts, HSC-2g)

and S-G (human immortalized
gingival epithelioid) cell lines

Biomarker [188]

Nitrogen-doped 3C-SiCa) over PDMSb)

substrates connected via graphite layer
Raman measurements of PL
(3C-SiCa) characterization)

Electrochemical
measurements and I–V

characteristics

Hearts from Adult rats Electrical modulation on
tissue activity

[185]

Ultrasmall SiC NPs with different
termination groups (SiC–x,

SiC–NH2, SiC–OH)

Flow cytometry SAOS-2h) and human monocytic/
macrophage cell line (THP-1)

Immune cell therapy
(stimulatory effect of NPs)

[204]

SiC and core/shell SiC/SiOx nanowires Fluorescence MC3T3-E1 pre-osteoblastic cells Osteoblast adhesion [186]

SiOx LPSiNPsc) PL Tumor in mice and MDA-MB-435
human carcinoma cells

Imaging and drug loading [280]

MSNPsd) NIRe) fluorescence Tumor treatment in vivo, a human
sarcoma cell line (HT-1080)

Drug release [281]

Si-NPs PL, Fluorescence N/A Bioimaging [282]

Si QDs PL Fibroblast cell lines A549 and L929 Bioimaging [283]

SiO2 QDs PL Cancer cells Bioimaging [6]

Si-NPs optically active defect centers
using tetraethyl orthosilicate

PL, Fluorescence Mouse hepatocytes (FL83B), human
carcinoma (A549), and murine
macrophages (Raw 264.7)

Bioimaging [189]

NaYF4 NPs coated with SiO2 shell
(NaYF4:20%Yb, 0.2%Tm@SiO2)

Luminescence (NPs
characterization) NIR

and UV light

Mammalian cancer cell line 4T1 Photodynamic cancer cells
therapy

[194]

SiNx Si3N4 substrate disks Raman spectroscopy SaOS-2i) Osteo-integration for bone
repair devices

[195]

Sandblasting Si3N4 substrates Raman spectroscopy and
Fluorescence

SaOS-2i) Osteo-integration and
production of bone tissue

[284]

a)Cubic silicon carbide; b)Polydimethylsiloxane; c)Luminescent porous Si NPs; d)Mesoporous silica NPs; e)Near-infrared; f )Bovine serum albumin; g)human oral squamous
carcinoma; h)Human osteoblastic cell line; i)Human osteosarcoma cell line;
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promising composite material for optoelectronic devices.
Regarding fabrication, it is possible to deposit SiC using a safe
and inexpensive precursor at a relatively low temperature, around
300 °C.[29,182] For instance, Nguyen et al. fabricated SiC ultrathin
membranes (50–150 nm) to be applied as cell growth substrates
compatible with bio-MEMs platforms to enable studies of cell
stretching and mechanotransduction, where they found high
rates of cell viability (92.7% up to 72 h).[183] Another work about
polycrystalline SiC thin-film deposition (700 nm) was performed
by Diaz-Botia et al. in an electrode array to record nerve
responses of electrical stimulations that could be applied for
long-term chronic implantable electrodes.[184] An improvement
to this application concept was implemented by Nair et al. using
2D and 3D printing of 3C-SiC over polydimethylsiloxane
(PDMS) substrates, also applied to tissue modulation activity,
taking advantage of the material properties such as pseudocapa-
citive electrochemical behavior and photoelectrochemical
activity.[185]Another recent approach in biomedicine involves
using composite nanowires (SiC/SiOx) with a hydrogen plasma

treatment to promote osteoblast adhesion and spreading for bone
tissue engineering.[186] On the other hand, SiC and SiC-based
composite nanostructures have been used to fabricate nanowires
(1D), NPs, and QDs (0D). SiC-based NPs are mainly used in
bioimaging for cell monitoring, assessing non-toxicity, and suit-
ability for biological interaction, as can be observed in Table 4.
Regarding some specific configurations, such as QDs, these fluo-
rescence properties have been improved due to their interesting
properties derived from their size and characteristic narrow
emission spectra that can offer higher fluorescent signals even
measured from a single cell.[187] This has great potential in
the clinical sector, as observed by the work of Serdiuk et al.,
who employed SiC NPs as nanoprobes to discriminate between
healthy and carcinogenic cells, taking advantage of the material
size to enhance the SiC NPs’ intracellular uptake and localization
to make a correlation with cell proliferation.[188] A higher NP
uptake was observed in cancer than in healthy cells as cellular
division increased, with a particular affinity of NPs to the nucleus
(Figure 15a,b).

Figure 15. Si-based materials used for biomedical applications. a,b) Fluorescence microscopy images of SG cells labeled by SiC NPs at the total conflu-
ence. In healthy SG cells (a), the labeling is low and absent in the nuclei at a low confluence, increasing when cells divide, suggesting that labeling depends
on the state of confluence. In cancer cells (b), intracellular luminosity levels are high and independent of confluence. Reproduced with permission.[188]

Copyright 2012, Wiley-VCH. c,d) Fluorescence microscopy images of CF2Th cancer cells incubated with LA-Si NPs (observed red and pink colored) under
two magnification scales. Reproduced under the terms of a Creative Commons Attribution CC-BY License.[6] Copyright 2016, The Authors, published by
Springer Nature. e,f ) Laser-scanning micro- graphs of the osteosarcoma cells in situ during apatite formation. The early exposure to Si3N4 substrate is
followed by hydroxyapatite formation at a later stage. Reproduced with permission.[195] Copyright 2016, ACS Publications.
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Similarly, silicon dioxide (SiO2) NPs have been mainly
employed in bioimaging applications at different cell lines, as
shown by Yoo et al.[189] They verified the lack of SiO2 NPs’ cyto-
toxic effects on FL83B (mouse liver), A549 (human lung cancer),
and Raw 264.7 (macrophage) cells assessing their biocompatibil-
ity. Additionally, SiO2 NPs have shown increased applicability in
drug delivery systems in carcinogenic cells, exploiting the mate-
rial porosity. For instance, host matrices of Si and porous SiO2

have been used in in vitro release of the steroid dexamethasone,
ibuprofen, cis-platin, and doxorubicin, proposed to treat different
cancer types.[190–193] However, the enhancement of PL responses
by QDs has not been completely studied in SiO2 NPs. The last
work related to SiO2 QDs confirmed their biostability for several
days, since there were observed characteristic differences in cell
proliferation states as well as NPs localization (Figure 15c,d).[6] A
recent application focused on using a hybrid nanomaterial
NaYF4:20%Yb,0.2%Tm@SiO2, allowing reactive oxygen species
(ROS) generation after NIR excitation, with detrimental effects
on mouse’s mammary gland cell lines, with a possible applica-
tion in targeted cancer treatment.[194] Lastly, silicon nitride has
been mainly used for osteointegration experiments with poten-
tial application in bone tissue repair, as observed by Pezzotti et al.
(Figure 15e,f ).[195] As far as the authors know, a few works related
to QDs integration in SiNx substrates are still unexplored and
represent a further research opportunity in this area.

In summary, the performance of Si QDs and NPs for biologi-
cal applications must ensure biocompatibility, biostability, and
also efficient PL response. He et al. reported O–Si NCs/antibody
bioconjugates for cell imaging with double color. They showed
that the Si NCs conjugated with HEK293T cells resulted in high
PL quantum yield (PLQY) (25%).[196] In some cases, the

luminescent properties of bioconjugates are a function of the sur-
face interaction, and the quantum size effect has a minor
impact.[197] Li et al. reported a complete characterization of sur-
face nitrogen-capped Si NPs with PL quantum yield of up to 90%
and narrow PL bandwidth of�40 nm. However, the surface of Si
NPs was modified with different ligand types to observe that PL
performance is comparable with commercial dyes and QDs.[198]

These advances in the study of molecule interaction represent a
milestone to focalize the efforts in understanding PL variations
after bioconjugation to be better applied in biological systems.

7.2. Biosensing of Microorganisms

As mentioned earlier, apart from the clinical applications,
Si-based nanomaterials have opened a new paradigm in the
biosensing of the microorganisms such as E. coli, Salmonella
typhimurium, Porphyromonas gingivalis and Staphylococcus epider-
mis, and other pathogens like rotavirus and Candida albicans.
A summary of the latest reports in this field can be found in
Table 5. For example, SiC has been used to develop biosensor
devices using film configurations. Celis-Herrera et al. developed
interdigitated microelectrode arrays that detect E. coli EPEC after
5min incubation using an electrical response (impedance spec-
troscopy).[199] In this sense, using an amorphous substrate could
benefit the biofunctionalization strategies, influencing the final
sensitivity of biosensor devices.

With respect to SiO2, Chitra K. and Annadurai G. reported the
use of Si NPs (151–165 nm) as nanoprobes for the detection of
pathogenic E. coli (Figure 16a,b).[200] They added amine-reactive
dye to prepare fluorescent silica NPs, obtaining this fluorescent
property after 24 h incubation. However, although a proficient

Table 5. Silicon-Based compound nanomaterials for microorganisms biosensing.

Silicon
compound

Matrix Response Analyte studied Biological application References

SiC Interdigitated microelectrode
arrays of a-SixC1�x:H

FTIR EISc) E. coli Biosensing [199]

a-SiC:H films FTIR E. coli DH5α Biosensing [285]

a-SiC:H Thin Films FTIR Salmonella Typhimurium Biosensing [286]

SiO2 Si-NPs Fluorescence E. coli Biosensing [200]

Hollow silica nanospheres Fluorescent responses E. coli O157:H7 Biosensing [287]

SiO2 layer of SiO2 shell-coated Fe3O4 NPs EISc) Basophilic leukemia cell (RBL-2H3) cell Biosensing [288]

SiO2 chip SiO2–Ag–SiO2 SPRd) Stroke biomarkers: NT- proBNP
and S100β

Biosensing [289]

SiO2 and Si3N4 wafers Fluorescence Mouse γ-globulins Biosensing [290]

SiNx Si3N4/SiO2 nanostructures Fluorescence BSA Label-free biosensors [291]

QSa) microstructures coated
with a thin layer of Si3N4

PL E. coli Biosensing [201]

SiN microchips Electron microscopy imaging Rotavirus Monitoring of viral
surveillance

[292]

Si3N4 bioceramics Raman spectroscopy and fluorescence Porphyromonas gingivalis Biosensing, lytic activity [202]

Si3N4 substrates Fluorescence, In situ Raman spectroscopy Staphylococcus epidermis Biosensing, lytic activity [293]

PMMAb)/Si3N4 composites Raman spectroscopy, Fluorescence Candida albicans Fungicidal action [203]

a)QS; b)Polymethylmetacrylate; c)Impedance spectrum; d)Surface plasmon resonance.
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fluorescence signal was obtained, the limit of detection (LOD)
was not shown through PL measurements. On the other hand,
Duplan et al. developed quantum semiconductor (QS) micro-
structures enveloped with a Si3N4 layer, achieving an in situ
detection of 104 CFUml�1 E. coli.[201]

Finally, for the case of Si3N4 substrates, recent reports have
demonstrated their lytic activity using this feature for pathogen
recognition, providing an antimicrobial or fungicidal effect. This
was observed by Pezzoti et al. in Porphyromonas gingivalis and
Candida albicans (Figure 16c,d), showing an additional applica-
tion for these kinds of substrates that can improve their applica-
bility.[202,203] Since Si-based materials can be biofunctionalized to
be platforms applied for biological detection through optical bio-
sensors, using QDs in the different sensor surfaces could
increase the biosensor sensitivity. By improving their optical
properties (PL, fluorescence), the response interface could
enhance the biosensing performance to detect the target analyte.
This suggests a higher capacity to detect minimal changes in the
PL values that can be correlated to lower concentrations, taking
advantage of the fluorescence and photoluminescent emission of
QDs. It is worth mentioning that there are just a few published
works considering this perspective, and this opens a new para-
digm of using these biocompatible materials for bioimaging
applications.

As shown from a clinical applications perspective, the proper-
ties of Si-based compound nanomaterials have been mostly used
for bioimaging and biomarkers because of their low toxicity and
compatibility with biological interaction. Moreover, an enhanced
response has been observed for integrated or composite materi-
als from these nanostructures, as previously mentioned in the

past sections for SiOxCy matrices, attributed to their organic
and inorganic functional group composition. This has been dem-
onstrated recently by the work of Bĕlinová et al. which probed
ultrasmall SiC NPs with functional groups (SiCx, SiC–NH2,
SiC–OH) in human monocytic /macrophage cell lines (THP-1)
for immune cell therapy.[204] Similarly, Kowalik et al. used NaYF4
NPs coated with SiO2 shells for application in photodynamic can-
cer cell therapy.[194] Undoubtedly, all these applications could be
significantly improved by modulating the PL emission after
understanding the mechanisms for real-time monitoring of bac-
teria (E. coli, Porphyromonas gingivalis, Staphylococcus epidermis),
fungi (Candida albicans), rotavirus, cellular repair processes, and
cancer treatment evaluation.

8. Conclusions and Future Perspectives

Despite the widespread literature published about Si nanostruc-
tures and their optical properties, to the best of our knowledge,
there are almost no reviews focused on comparing the emission
mechanisms of Si NPs and QDs in different matrices (SiOx,
SiNx, and SiC), highlighting the suitable optoelectronic features
of these materials. It has been discussed that the barrier height is
also one of the deciding factors for optoelectronic properties.
Lower barrier height in nitride and carbide matrices makes them
better conductive than silicon oxide surrounding. At the same
time, these matrices are proposed as alternatives due to their
lower barrier height and higher mobility. Another prospect of
applying these films is improving solar cell efficiency, using
them as antireflective and downshift layers, which absorb UV

Figure 16. Si-based materials used for biotechnological applications. a) Fluorescence image of bacteria. b) SEM image of E. coli after incubation with
antibody-conjugated Si NPs. Reproduced with permission.[200] Copyright 2013, Hindawi. c) Energy dispersive spectroscopy (EDS) analyses from SEM
micrographs of PMMA/8 vol% Si3N4 substrates showing Si3N4 grains localization. d) Fluorescence image of C. Albicans incubated for 24 h to PMMA/
8 vol% Si3N4 substrates. Arrows point at mitochondria-like roundish regions. Reproduced with permission.[203] Copyright 2021, Elsevier.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2023, 2300054 2300054 (21 of 30) © 2023 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

 26999293, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adpr.202300054 by Scotland's R

ural C
ollege, W

iley O
nline L

ibrary on [07/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.adpr-journal.com


radiation and re-emit it in the visible region. All-described Si QD
properties could be exploited at the nanometric scale for the
interaction with distinct matrixes (inorganic, organic, biological
nature), taking advantage of their luminescent emission to pro-
vide an optical signal. In terms of the PLmechanisms, it has been
shown that all three matrices can dominate the QCE. Generally,
the main implications of confinement on the nanostructures are
1) broadening of wave factors, making the structure similar to a
direct bandgap, that is, no need for phonon of intertransitions;
and 2) It also results in the widening of the bandgap. This simi-
larly causes an increase in the emission intensities due to the
small size of QDs with well-defined energy levels. Each matrix
also presents specific defects such as NBOHC, ODC, and E’ cen-
ters in the oxide matrix, whereas band tails are in the case of the
nitride matrix. For the carbide matrix, there is a decisive role of
the composition ratio of Si/O/C in the matrix that could widely
influence the emission properties of thin films. Moreover,

depending on the surrounding density and coalescence of
QDs, the average size of particles is modified depending on
the initial local environment. The shift in the luminescence spec-
tra all over the visible region (blue, green, and red) shows a strong
dependence on the resultant change in the size and/or the pas-
sivation environment of QDs. The passivation environment also
plays an essential role in the final emission of these thin films.
Depending on the environment around NPs, for instance, oxy-
gen and hydrogen, the NPs’ overall size could vary and modify
consequently the bandgap and, hence, emission of these thin
films. Generally, oxidation of the samples causes red emission,
whereas hydrogen passivation results in green–yellow emission.

Si QDs are potent tools that can improve photoluminescent
systems over traditional dye molecules or fluorescent proteins
with more sensitive responses. The authors consider that a pos-
sible perspective on the improved use of Si QDs is to perform a
deeper characterization of their interaction at the innermost part

Figure 17. a) Schematic view of FRET protease sensor based on Si QDs. Reproduced with permission.[205] Copyright 2017, SPIE. b) Selective imaging of
pathogenic bacteria and the biofilms formation using Si QDs observed by optical and fluorescent technique. Reproduced under the terms of a Creative
Commons Attribution CC-BY License.[206] Copyright 2022, The Authors, published by Frontiers.
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of cell tissues, where they could serve in applications to optimize
cellular repair processes, cancer treatment evaluation, and diag-
nostics in real time, surpassing the possible cytotoxic effects that
Si could trigger inside the host organism. A work published by
Xiaou Cheng et al. reports the study of a protease sensor that
combines nontoxic Si QDs with Förster resonance energy trans-
fer (FRET).[205] The toxicity evaluated by cell viability assays
(MTT) suggests a lack of acute toxicity for QDs’ concentration
up to 256 μgmL�1, allowing the use of Si QDs as the donor
and an organic dye as the acceptor modifying the emission
(Figure 17a). Therefore, integrating Si materials properties
and their emission mechanisms for application within the bio-
logical sectors can provide a solution for these research areas
focused on biodetection. An example is the work of Jiayi Lin
et al., who performed selective labeling of distinct bacteria
and biofilms to distinguish between Gram-positive and Gram-
negative bacteria (Figure 17b).[206]

Moreover, the convergence of many areas like nanomaterials
engineering, microbiology, and biomedicine can provide innova-
tions from a multidisciplinary perspective achieving proof-of-
concept applications. Pathogen and virus detection has gained
particular attention derived from the recent SARS-CoV2 pan-
demic and bacterial resistance, which are public concern issues
that affect significantly the global population and must be
promptly solved.[207] As discussed, Si-based compound nanoma-
terials offer advantages for fabricating biosensors and bio-
markers (Figure 18). If simple labeling on bacteria or viruses
can be observed through an optical response, this can contribute
in a significant way to pathogen recognition as an efficient and
easy-handle alternative to the existing methods (chromophores,
labeled antibodies, fluorescent probes, among others), for use in
places with limited resources.

At the same time, it is well known that Si is an element com-
monly found in traces; however, it is excreted from the organism

Figure 18. Graphical overview of the current and future perspectives in Si-based nanomaterials and their emission mechanisms to the extent of its
application throughout the biological sector (Images taken from Biorender.com).
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through urine. Considering those benefits, Si-based compound
nanomaterials can be used for multiple in situ applications; nev-
ertheless, an additional extensive study about cytotoxicity of these
nanomaterials is required. The small size and matrix types
(oxide, carbide, and nitride) could be decisive in applying these
nanomaterials for specific biological applications. Once having a
proper comprehension of the biocompatibility of these Si-based
nanomaterials, the above-mentioned PL properties of QDs can be
further explored for efficient and effective drug delivery systems.

Core–shell kind structures can also be designed to fabricate Si
NPs and QDs drug-conjugated structures for the development of
modern drugs. Likewise, using QDs with other materials can
bring advantages since they could help overcome technical lim-
itations in the described application sectors. Otherwise, though
there are currently stacks of information about the use of QDs,
the study of the optimization of this process and the generation
of nanostructures for frequent use is still uncertain. Moreover,
although many research groups are focused on QD improve-
ment, there is a lack of information about the possible consequen-
ces of wastes generated from the QD synthesis processes, which
could be used for new applications. Another challenge is the inter-
action of these nanostructures to understand cellular behavior
from a single cell, which arises from the need to label proteins
and tissues with highly stable dyes that can maintain their activity
without compromising their functions.

In addition, it has been reported that NPs in the form of nano-
needles enhance the internalization of biomolecular markers
through endocytosis to explore other aspects of intracellular
interaction. Sahana Gopal et al. reported a study that aimed to
extend the understanding of how nanoneedles modulate biologi-
cal processes to mediate interaction with the intracellular space
to develop cell manipulation technologies.[208] Moreover, Wei
Sun et al. reported the directed use of differential interference
contrast (DIC) microscopy to observe the entire endocytosis pro-
cess of mesoporous Si NPs into living human lung cancer cells
(A549) without fluorescence staining. It was observed that out-
side the cell, Si NPs follow a Brownian motion in the cell growth
medium, but on the cell membrane, the movement is limited.
This lowered mobility was due to the cytoplasm viscosity and
the obstacles from the cellular cytoskeleton networks.[209]

More studies about Si matrices and new configurations must
be carried out to characterize in depth to improve the selectivity
for targeted drug delivery based on endocytosis.

In addition to their excellent PL properties as nanomaterials,
Si NPs have proved to be safe, as recognized by the US Food and
Drug Administration (FDA), and highly tolerable for the human
body. Since 2007, clinical trials in humans have demonstrated Si
NPs’ efficiency to be used as drug carriers,[210,211] as effectors for
photothermal ablation of cancer tumors,[212–214] and as tracers of
tumors for imaging and visualization during patients’
biopsy.[215,216] The successful trials in humans have allowed that
Si NPs-based formulations can be approved for phase I and
phase II clinical trials.[217]
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