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Abstract: The photoluminescence characteristics of films consisting of Si nanocrystals either coated
with or embedded into Spin on Glass (SOG) were studied. Si nanocrystals showing red or
blue luminescence when suspended in alcohol solution were obtained from porous silicon films.
These were then either deposited in Si substrates and coated with SOG, or mixed in an SOG solution
that was later spun on Si substrates. Both types of films were thermally annealed at 1100 ◦C
for three hours in N2 atmosphere. Transmission electron microscopy measurements showed a
mean diameter of 2.5 nm for the Si nanocrystals, as well as the presence of polycrystalline Si
nanoagglomerates. These results were confirmed by X-ray diffraction studies, which revealed
the (111), (220) and (311) Bragg peaks in Si nanocrystals. Fourier transform infrared spectroscopy
studies showed that the coated films present higher chemical reactivity, promoting the formation
of non-stoichiometric SiO2, while the embedded films behave as a stoichiometric SiO2 after the
thermal annealing. The PL (photoluminescence) characterization showed that both embedded and
coated films present emission dominated by the Quantum Confinement Effect before undergoing any
thermal treatment. After annealing, the spectra were found to be modified only in the case of the
coated films, due to the formation of defects in the nanocrystals/SiO2 interface.

Keywords: Si-NCs (silicon nanocrystals); SOG; HRTEM (high resolution transmission electron
microscopy); XRD (X-ray diffraction); FTIR (Fourier transform infrared spectroscopy); PL

1. Introduction

In the past, many efforts have been devoted to the fabrication of light emitting films that are
compatible with silicon technology [1]. One of the proposed approaches is to use dielectric matrices
with silicon nanocrystals (Si-NCs) or nano-agglomerates as active media. Among several other
techniques, chemical methods have been used to fabricate such materials [2–10]. The origin of the
photoluminescence (PL) of Si-NCs embedded into oxide films is still controversial [11], but there
are two principal models commonly used to explain the emission mechanism. One is known as the
Quantum Confinement Effect (QCE), in which the radiative process is carried out by electron-hole
recombination in the Si-NCs; silicon nanocrystals below 5 nm show an effect of a quasi-direct bandgap
due to the boundary conditions [6,8,12,13]. The second model proposes the formation of defect-states
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at the Si-NCs/SiO2 interface where radiative recombination occurs [10,14,15]. In the literature, there is
enough evidence of SiO2 defects with specific emissions that simultaneous experiments of luminescence
and detection of defects have been done during the years to link them. Just to mention a few, electron
paramagnetic resonance (EPR), time resolved photoluminescence, and tunable laser excitation are
some of the techniques used [16–18].

Two main different emissive films of this kind have been proposed: those that produce centers with
luminescent characteristics as they are synthetized; and films where Si-NCs are obtained separately
from the dielectric matrix. In the first method, temperatures of around 1100 ◦C are needed to promote
the nucleation and activation of radiative Si nanopoints, crystalline or not [3,4,19,20]. Examples of these
materials are the silicon rich oxides obtained by chemical vapor deposition (CVD), Ionic implantation
of Si in a dielectric matrix, and thermally treated chemical solutions [4,21–23]. These kind of silicon
rich oxides show photoluminescence mainly in a range from 650 to 950 nm. However, if high energy is
used to stimulate them, the range emission can be extended to the blue side of the electromagnetic
spectrum. However, the high temperature annealing usually needed to promote the silicon-emissive
center formation [3,4,19,20] complicates their potential incorporation in CMOS (complementary
metal-oxide-semiconductor) integrated circuits.

On the other hand, Si-NCs obtained separately by a variety of techniques and mixed with SiO2

solutions, such as Spin on Glass (SOG), have been of particular research interest because they are
usually easy and low cost methods that do not need to be thermal treated to produce emissive films.
In most of the cases, it has been reported that such films contain embedded Si-NCs embedded in the
dielectric matrix. Their characteristic photoluminescence is rather on the blue side of the spectrum,
varying with the diameter of the nanocrystals. Nevertheless, it has been reported that the emission
depends on many factors, including the density of Si-NCs in the SOG, the way they are obtained and
mixed, and the type and temperature used if they are annealed [24–27]. Then, despite the existence
of several studies, much research is still to be done in order to fully understand the luminescence
mechanisms, and the optimal technological conditions to obtain reliable highly emissive films.

In this work, in order to corroborate the chemical interaction between the Si-NCs and the SOG
film, two different films are proposed: Si-NCs coated with a thin layer of SOG and Si-NCs embedded
into the SOG film—hereafter, respectively referred to as “coated” and “embedded” films. Moreover,
the coated and embedded films were studied with and without thermal annealing at 1100 ◦C to look
deeply into its effects.

2. Experimental Details

The Porous Silicon (pSi) samples were prepared by anodic etching of epitaxial, <100>, n-type
mono crystalline-silicon with an electrical resistivity between 2 Ω-cm and 0.025 Ω-cm. A solution
mixture of hydrofluoric acid (44%), hydrogen peroxide (44%) and methanol (99.9%) with a volume
ratio of 4:3:3 was used with a constant current of 40 mA. The pSi samples were obtained using a
standard configuration of lateral anodizing in which samples were introduced at a rate of 4 mm/h
into the solution [28]. Then, Si-NCs were obtained either scratching or milling the porous silicon layer.
Scratching produces Si-NCs with an intense red emission, and milling produces blue PL emission [29].
The Si-NCs were then dispersed into isopropanol [(CH3)2CHOH)] to obtain colloidal solutions. The
colloidal solutions were used to produce the coated or embedded test structures. Coated samples were
fabricated by spraying the colloidal Si-NC solution onto Si substrates heated to 90 ◦C producing a layer
of Si-NCs (~70 nm-thick). Then, these Si-NCs films were coated with a pure SOG solution (synthetized
from a 99.99% Sigma Aldrich Tetraethyl orthosilicate, St. Louis, MO, USA). The SOG solution was
spun at 3000 rpm for 50 s. The coated samples are schematized in Figure 1a.

The embedded films were obtained by mixing the colloidal solution with the SOG solution with a
volume ratio of 3:1 (Si-NCs:SOG). Then, the SOG with embedded Si-NC solution was spun onto the
silicon substrates at 3000 rpm for 50 s. These films are schematized in Figure 1b.
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Figure 1. Schemes for: (a) coated; and (b) embedded films with red or blue Si-NCs (silicon
nanocrystals).

Both coated and embedded films were heated at 150 ◦C to solidify the SOG and some of them were
thermally annealed at 1100 ◦C in N2 atmosphere for 3 h. The thicknesses of all films were measured
with a Gaertner L117 null ellipsometer (Gaertner Scientific Corporation, Skokie, IL, USA) using a
He-Ne incident laser of 632.8 nm wavelength and 2 mW of power. The coated and embedded films
resulted with a thickness of ~190 nm and ~260 nm, respectively. The micro-structural properties of
both coated and embedded films were studied by transmission electron microscopy (TEM; Tecnai F30,
FEI Company, Hillsboro, OR, USA). Grazing incidence X-ray diffraction data were obtained with an X
Pert PRO MRD diffractometer from PANalytical (Almelo, The Netherlands). The measurements were
carried out with a Cu Kα (λ = 1.5418 Å) radiation as source. The grazing angle of the incident beam
was fixed at 0.5◦ and the data acquisition angle was varied between 15◦ and 60◦ with a resolution of
0.05◦, and with an acquisition time per angular step of 800 s. A computer controlled spectrometer
Bruker Fourier transform infrared (FTIR) model V22 (Bruker Optics Inc., Billerica, MA, USA) was
used to obtain the FTIR spectra of the films. The absorption spectra were acquired from 400 cm−1

to 4000 cm−1. The photoluminescence measurements were carried out at room temperature for all
samples using a computer controlled spectroflourometer model Flouromax-3 (Horiba, Kyoto, Japan).
The samples were excited with a 300 nm wavelength and the emission spectra were recorded in the
range of 370 nm to 1000 nm. A 300 nm band pass filter was used in the excitation monochromatic
source and a 370 nm high pass filter was used for the PL detector.

3. Results and Discussion

3.1. Structural Properties

3.1.1. Transmission Electron Microscopy

Figure 2 shows the cross section TEM images of coated films with red light-emitting Si-NCs before
(A) and after (B) thermal annealing. Before annealing, a clear frontier between the crystalline Si-NCs
and amorphous SOG layers can be observed. Conversely, the frontier between the amorphous and the
crystalline regions is practically lost after thermal annealing. Furthermore, it is then possible to observe
some amorphous barriers between the Si-NCs (white circle in the Figure 2B). This is probably because
the thermal treatment promotes the flow of the SOG through the layer of the Si-NCs. The insets of
Figure 2B(b) shows an FFT (Fast Fourier Transform) performed to the TEM images (Figure 2B(a)) in
order to determine the distance between atomic layers of Si-NCs. The nanocrystal lattice spacing in
high resolution transmission electron microscopy (HRTEM) images was estimated using the digital
micrograph software (version 3.1.1, Gatan Inc., Pleasanton, CA, USA) to identify the orientation of the
crystalline planes. The distances obtained correspond to the face-centered cubic lattice of crystalline
silicon (joint committee on powder diffraction standards (JCPDS) #27-1402) (see inset Figure 2B(d)).
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Figure 2. Cross-section TEM (transmission electron microscopy) images of coated films with red
Si-NCs before (A) and after (B) thermal annealing at 1100 ◦C for 3 h in N2 atmosphere. In both
images, the white square marks the area of analysis where there are Si-NCs. The insets of (B) are:
(a) cross-section TEM images; (b) FFT (Fast Fourier Transform); (c) the specific pattern of the white
square area; and (d) the electrons diffraction planes of the white square area. The white circle in the
Figure 2B shows a zone where the SOG (Spin on Glass) flowed around the Si-NC after annealing.

Due to the nature of the coated films, it is not possible to observe the shape of Si-NCs. However, in
the case of films with embedded red light-emitting Si-NCs (Figure 3A), it is possible to observe nearly
spherical particles, as typically produced by the electrochemical technique [28]. The nanocrystals’
diameter ranges from 1.5 nm to 4.5 nm with a mean size of 2.5 nm. In addition, a variety of
crystalline planes corresponding to polycrystalline agglomerates was discovered, as observed in
the inset Figure 3A(d).

In the case of embedded films made with blue light-emitting Si-NCs, these cannot be clearly
observed with the naked eye in the TEM images (Figure 3B(a)), making it difficult to select the area to
perform the FFT analysis. However, some diffraction patterns can be observed after processing the
TEM images, as shown in the inset Figure 3B(d). These diffraction patterns indicate crystalline silicon
with cubic structure. This was confirmed with the X-ray measurements.
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Figure 3. Cross-section TEM images of embedded films with red (A) and blue (B) Si-NCs, after thermal
annealing at 1100 ◦C for 3 h in N2 atmosphere. In both images, the white square marks the area of
analysis where there is a Si-NCs. The insets are: (a) the cross-section TEM images; (b) FFT; (c) the
specific pattern of the white square area; and (d) the electrons’ diffraction planes of the white square
areas, for each image.
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3.1.2. Grazing Incidence X-Ray Diffraction

Figure 4 shows the X-ray diffraction patterns of coated (a) and embedded films (b) before and
after annealing. A well-defined main peak is observed at 28.4◦, as well as peaks with lower intensities
at 47.3◦ and 56.1◦, which respectively correspond to (111), (220), and (311) Bragg peaks for silicon.
These peaks match very well the PDF JCPDS #27-1402 values for cubic crystalline structure of silicon.
The diffraction plane corresponds to a face centered cubic lattice as the obtained by the TEM analysis
(Figures 2 and 3). These peaks indicate that the coated and embedded films contain Si-NCs with a face
centered cubic lattice structure.
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Figure 4. Grazing incidence XRD (X-ray diffraction) (0.5◦) patterns from coated (a) and embedded
films; (b) with red and blue light-emitting Si-NCs, before and after annealing at 1100 ◦C for 3 h in
N2 atmosphere.

As observed in Figure 4a, a wide peak centered at ~23◦ can be seen in as-deposited samples,
which shifts to a lower angle of 21.5◦ after thermal annealing for coated films with both red and blue
Si-NCs. This shift has been associated with the formation of amorphous silicon oxide (a-SiO2) due
to spinoidal decomposition [30]. Therefore, the structural units of the SOG, which can be described
by the different tetrahedral units SiO4-xSix with n = 0−4, gradually transform into well-defined SiO4

and Si-Si4 tetrahedral structures [23,24]. This transformation, only observed in the coated films, agrees
with the TEM observation of the SOG flowing into the Si-NCs layer after thermal annealing.

3.1.3. Fourier Transform Infrared Spectroscopy

Figure 5 shows the typical FTIR spectra before and after annealing of a pure SOG film (a),
embedded films (b), and coated films (c) containing red light-emitting Si-NCs. The same behavior was
observed in coated and embedded films with blue light-emitting Si-NCs.

The typical IR (infrared) vibration modes from silicon oxide films [31,32] at 1078 cm−1 ( Si-O-Si
stretching), 800 cm−1 (O-Si-O bending), and 457 cm−1 (Si-O-Si rocking) can be observed in all of the
cases. All the absorption spectra show a peak at 1400 cm−1 due to the Si-CH2 stretching bonds, as
well as some other peaks related to vibration modes associated with hydrogen bonds at 935 cm−1

(Si-OH stretching) and >3200 (H2O) cm−1. The latter decreases in intensity or disappears after the
thermal annealing [31,32]. It is noticeable that both before and after annealing, the IR spectra of the
pure SOG film are similar to the IR spectra obtained from the coated and embedded films with Si-NCs
(Figure 5b,c).

Figure 6 shows the IR peak related to the Si-O-Si asymmetric stretching mode deconvoluted in
their longitudinal (LO) and transversal (TO) modes of the different samples, in order to qualitatively
assess the structural changes produced by the thermal annealing [7,33–35].
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Figure 5. (Color Online) FTIR (Fourier transform infrared) spectra before and after annealing at 1100 ◦C
for 3 h in N2 atmosphere of pure SOG film (a); embedded (b); and coated (c) films fabricated with
red Si-NCs.

In all of the spectra in Figure 6, it is possible to see the stretching peak (at ~1078 cm−1) and the
asymmetric stretching peak (from 1100 cm−1 to 1200 cm−1). Notice that these spectra show a shift to
lower or higher wavenumbers depending on its structure or composition after annealing.

The stretching infrared (IR) peak observed in coated samples with red and blue Si-NCs shifts
towards a lower wavenumber after thermal annealing, as observed in Figure 6a,b, respectively.
However, this IR band shifts towards the opposite direction for the embedded red and blue Si-NCs
films, as observed in Figure 6c,d, respectively. A deconvolution of the IR stretching peak (symmetric
and asymmetric) in the LO and TO modes shows a change in the full width at a half maximum
(FWHM) associated with the formation of amorphous phases of SiO2 (peak at ~1025 cm−1) in the
Si-NCs/SOG interface after thermal annealing. This is an indication of a possible combination of
non-stoichiometric and stoichiometric SiO2 [7,36]. The Si-NCs could react with the oxygen atoms of
the SOG due to the silicon atoms presenting a higher probability of having oxygen neighboring atoms,
forming Si=O related bonds [14]. This is confirmed by the shift of about 16.4 cm−1 and 13.7 cm−1 to
lower wavenumbers of the stretching Si-O-Si peak for each coated film, as observed in Figure 6a,b.
In addition, the observed broadening of the IR stretching peak could be related to a strain between
the Si-NCs and the SiO2-based SOG film, producing the formation of a high defect density after the
thermal annealing in N2 atmosphere [37].

On the other hand, the shift of the IR stretching peak found in the embedded Si-NCs towards
higher wavenumbers after thermal annealing could be related to the formation of a stoichiometric and
dense film (shifts of 15.9 cm−1 and 16.2 cm−1 for red and blue embedded Si-NCs film, respectively).
Therefore, a structural rearrangement occurs in these films due to the thermal annealing, improving
the stoichiometry because of the phase separation between the Si and SiO2 [34,38]. In addition, the
decrease in the intensity from the IR asymmetric stretching peak (found between 1100 cm−1 and
1200 cm−1), which can be seen in the decrease of the longitudinal and transversal optical modes,
denotes stress relief in the Si-NCs/SOG interface.
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Figure 6. (Color Online) FTIR spectra of coated and embedded films before and after annealing at
1100 ◦C for 3 h in N2 atmosphere. (a,b) are the IR (infrared) spectra of coated films with red and blue
Si-NCs, respectively; (c,d) are the IR spectra of embedded films with red and blue Si-NCs, respectively.

3.2. Photoluminescence Properties

Si-NCs obtained through porous silicon samples exhibit a typical strong red PL emission with a
quasi-Gaussian curve [31], which is usually attributed to the quantum confinement effect [1,6]. The PL
spectra obtained from the Si-NCs-based colloidal solutions for this work are shown in Figure 7a. The PL
spectrum of the red Si-NC colloidal solution has a main peak at around 639 nm (which is similar to
that of pSi layers; not shown), and a lower intensity secondary PL peak at 400 nm. As observed in
Figure 7a, the PL spectrum of the isopropanol solution without Si-NCs also exhibits peaks at about
415 nm, but its intensity is very low as compared to the PL from samples with them.

The blue Si-NC colloidal solution exhibits an intense PL band at ~400 nm and an additional PL
band of lower intensity around 753 nm. The intense PL band centered at 400 nm is mainly associated
with the blue Si-NCs, since the isopropanol luminescence is known to be too low. These PL emission
bands have been reported before [8,24,25].

Figure 7b shows the PL spectra of the coated red and blue Si-NC films before thermal annealing.
Coated red Si-NCs show a broad PL band with a maximum peak at ~650 nm and a less intense band at
~415 nm, while the coated blue Si-NC films emit an intense PL band with the main peak at ~410 nm
and a very small secondary peak at ~800 nm.

The PL emission of the red Si-NCs was related to their diameter distribution and their energy
bandgap. Assuming a nearly spherical configuration of the nanocrystals, calculations of the energy
gap were made using the mathematical expression [39]:



Appl. Sci. 2017, 7, 72 8 of 13

Eeh = 1.1eV + h2/(8 ∗ meR2) + h2/(8 ∗ mhR2), (1)

where me and mh are the effective masses of the electron and hole, respectively; R is the radius of the
nanocrystals; and h is Planck’s constant. According to Equation (1), considering an me = 1.08m0, and a
mh = 0.56m0, where m0 = 9.11 × 10−31 kg is the free electron rest mass [40], the estimated diameter
of the Si-NCs producing a PL emission at 650 nm is 2.3 nm. This is consistent with the diameter
distribution obtained from HRTEM images for red Si-NCs, which is between 1.5 nm to 4.5 nm, with a
mean of 2.5 nm. This supports the conclusion stating that the emission of red Si-NCs is mainly due
to QCE. A similar result is obtained from blue colloidal solution and coated blue Si-NCs films before
the thermal annealing. Using Equation (1) and the PL spectrum of the blue Si-NCs, the nanocrystals’
diameter ranges from 1.3 nm to 1.9 nm with a mean of 1.4 nm. Unfortunately, the observation of
Si-NCs of less than 1.5 nm is not possible in the available HRTEM. Nevertheless, the presence of the
blue Si-NCs was confirmed by XRD. Moreover, the PL emission from the colloidal solution is similar
to the one observed in the coated films. Therefore, the light emission mechanism in these coated films
is likely related to QCE as well.
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Figure 7. (Color Online) PL (Photoluminescence) spectra obtained at room temperature from colloidal
solution (a); and from coated films with red and blue Si-NCs without annealing (b).

As observed in Figure 8, after thermal annealing, the PL emission spectra from both red and blue
Si-NCs coated films are broadened. It now presents a wavelength range from ~400 nm to 850 nm.
This behavior indicates that, regardless of having different Si-NCs, similar emission mechanisms take
place in both samples after the thermal annealing, as discussed in a previous report [29].

The thermal annealing produces important effects in the response of the material. In particular,
it results in an increase of the radiative surface states density at the Si-NCs/SiO2 interface [41,42],
as discussed in the previous sections. The shift of the Si-O-Si stretching mode to a lower wavenumber
indicates a phase change towards an amorphous (non-stoichiometric silicon oxide) and porous
structure [33–37]. This could be related to the formation of a SiOx shell around silicon nanocrystals
formed by a wide variety of Si-O bond defects. In a recent publication, Vaccaro et al. have corroborated
the formation of a core shell structure with a crystalline core surrounded by an interface mainly
composed by Si3O defects [43].
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Figure 8. (Color Online) PL emission of coated films with red (a) and blue (b) Si-NCs after annealing
at 1100 ◦C in N2. Compared to Figure 7, these spectra are wider, and both shift towards the blue-green
region of the visible spectrum.

The thermal annealing also appears to cause the loss of the H-passivated characteristics of the
Si-NCs, modifying its configuration into an oxygen-passivated surface. This is corroborated by the
FTIR results (Figure 5c). Therefore, it is likely that part of the emission remains due to recombination
inside the nanocrystals, but oxygen defects also contribute to the broadening of the range of emission
in both types of coated films.

The broad PL spectra were decomposed in Gaussian curves centered in the position of reported
Si-O defect emissions, as shown in Figure 8a,b. As a result, PL bands at about 3.02 eV, 2.73 eV,
2.37 eV,1.99 eV, and 1.55 eV, were identified, which are respectively related to: weak-oxygen bond
(WOB) [44], Neutral Oxygen Vacancy (NOV) [45], E’δ center [46], non-bridging oxygen hole center
(NBOHC) [18,47,48] and dangling bonds (DB) [49]. It was found that NBOHC and E’δ centers are the
dominant radiative defects for each of the coated films. The band around 2.7 eV has also been related
to a twofold coordinated Si [16,17]. However, recently, the red emission around 1.9 eV has been related
to Si3O, and so the main contribution can be also ascribed to this defect [43]. These results agree with a
previous report in which the main emission mechanism was associated to Si-O defects [29].

Figure 9 shows the PL emission spectra of embedded films with red (a) and blue (b) Si-NCs
before and after thermal annealing. It is worth mentioning that any PL emission is observed when a
Si-NCs:SOG volume ratio is lower than 3:1. As can be seen, the PL spectra are different than those
observed in coated Si-NCs. Even though coated and embedded films were fabricated using the same
Si-NCs, their respective spectrum has noticeable alterations. Before thermal annealing, the wavelength
range of PL emission of both coated and embedded Si-NCs films are similar. However, after annealing,
the emission of the embedded films shows practically no variation, contrary to the coated films.

The PL spectrum obtained from the embedded films with red Si-NCs presents a peak at ~715 nm,
and a more intense one at ~410 nm, which is related to the SOG PL emission, as observed in Figure 9a.
The embedded films with blue Si-NCs exhibit a maximum PL peak at ~430 nm, and a less intense
one at ~850 nm, as shown in Figure 9b. The PL emission observed in embedded films with both
red and blue Si-NCs before thermal annealing is similar to that observed in the colloidal solutions
(Figure 7a). Since the SOG around the Si-NCs is not chemically bonded to them, the embedded film
emission is ascribed to the quantum confinement mechanism, as proposed by other authors for similar
films [25,50].
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before and after annealing at 1100 ◦C in N2 atmosphere. PL spectra from pure SOG films are included.

When thermal annealing is applied to these embedded films, it is clear that the PL emission
changes in intensity, but not in shape, as shown in Figure 9a. Because of this, the PL of the embedded
films (with both red and blue Si-NCs) can be attributed to the quantum confinement effect before
and after thermal annealing. Then, we can assume that there is no nitridation effect or any radiative
defect formation in the Si-NC/SiO2 interface for embedded films. This is confirmed by the absence of
emission bands related to Si-O defects [23]. It is possible that thermal annealing in nitrogen passivates
the non-radiative centers around the Si-NCs, showing only the PL emission from Si-NCs [4,19].
This passivation effect increases the PL intensity from the red Si-NCs, but reduces that from the blue
ones. This is also corroborated by the shift of the IR stretching peak towards higher wavenumbers
and the reduced intensity of the peak at 1200 cm−1 after thermal annealing, forming a well-defined
shoulder in the asymmetric stretching peak (Figure 6c,d). This behavior allows for arguing that the PL
emission of the embedded films is mainly due to the contribution of Si-NCs.

It is well known that the films with Si-NCs obtained externally to the dielectric film are highly
dependent on the way they were mixed with the SOG solution. The experimental evidence presented
here shows that when the Si-NCs are embedded in the dielectric matrix, the interfaces between the
Si and the SiO2 are well defined, and even after high temperature treatments, there are no chemical
interactions between the silicon and its surroundings. This is corroborated by other authors who
observed a quenching of PL after thermal annealing [27].

However, when the Si-NCs are coated (as opposed to embedded) by the SOG, and then
annealed, the SiO2 flows around the Si-NCs, promoting the formation of silicon-oxide bonds. Then,
a sintered type of core elemental silicon surrounded by a shell of non-stoichiometric oxide is obtained.
The off-stoichiometric oxide contains silicon defects, which are luminescent under excitation. In this
paper, after 1100 ◦C annealing, the samples show an emission shift toward a range around 500 nm
regardless of the Si-NC size. However, other emission ranges can be obtained when the same type of
samples are subjected to different annealing conditions [29]. Therefore, in order to obtain efficient Si
light emitters using nanocrystals externally acquired, the results indicate that it is better to cover them
with the dielectric matrix and apply a thermal treatment.

4. Conclusions

Porous silicon obtained by electrochemical methods has been used to produce colloidal solutions
with silicon nanocrystals that show red or blue PL emission. These colloidal solutions were used to
fabricate SOG-coated and embedded films. In both solutions, Si-NCs were studied using TEM and
XRD techniques. The size of the red light-emitting Si-NCs as observed through TEM agrees with PL
results. From FTIR, a notable difference between coated and embedded films was found, mainly in
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the Si-O stretching peak, which shifts to show non-stoichiometric characteristics for coated films and
stoichiometric SiO2 for embedded films.

From PL measurements, it was found that the colloidal solutions, and as-deposited coated and
embedded films, show an intense PL emission, which was related to the nanocrystal sizes (QCE).
When a thermal annealing process is carried out, the PL of embedded films does not change, and
the quantum confinement effect remains as the emission mechanism. However, coated films with
both red and blue Si-NCs do change their PL spectrum towards the blue-green region after annealing,
demonstrating that a chemical activity occurs only in the covered films after sintering at 1100 ◦C.
A correlation between photoluminescence and the FTIR results shows that the Si-NCs interface evolves,
developing Si-O defects for such types of films. The new emission band is ascribed to a wide variety of
Si-O related defects formed at the Si-NC/SiO2 interface. The analysis of the emission indicated that a
high density of the radiative NBOHC and E’δ center dominates the PL emission from coated films
after annealing.

Acknowledgments: The authors are thankful to Consejo Nacional de Ciencia y Tecnología (CONACYT) for the
economic support and Pablo Alarcon for his help during the sample preparation.

Author Contributions: This paper is the result of O.C.-M.’s PhD work, who was under the supervision of M.A.-M.
M.A.V.-A. and A.A.G.-F. were mostly involved in the setup of the experiments, also in the redaction of the paper.
J.A.A.-A. was responsible for the X-ray measurements and interpretation of the data. A.M.-S. performed the TEM
studies and reviewed the manuscript."

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lehmann, V.; Gösele, U. Porous silicon formation: A quantum wire effect. Appl. Phys. Lett. 1991, 58, 856–858.
[CrossRef]
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