
Journal of Luminescence 132 (2012) 2385–2389
Contents lists available at SciVerse ScienceDirect
Journal of Luminescence
0022-23

http://d

n Corr

E-m
journal homepage: www.elsevier.com/locate/jlumin
Photoluminescence mechanisms in silicon quantum dots embedded
in nanometric chlorinated-silicon nitride films
A. Rodriguez a, J. Arenas b, J.C. Alonso a,n

a Instituto de Investigaciones en Materiales, Universidad Nacional Autónoma de México. A. P. 70-360, Coyoacán 04510, D. F., Mexico
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a b s t r a c t

Silicon quantum dots (Si-QDs) embedded in nanometric (�80 nm) chlorinated-silicon nitride films

(SiNx:Cl) were prepared by remote plasma enhanced chemical vapor deposition. The photolumines-

cence (PL) peak and the two optical absorption edges observed in the PL and absorption spectra of the

films were tuned (blue-shifted) as the Si-QD size was decreased, giving evidence of quantum

confinement effects. From these results we elucidate that the photoluminescence in these nanos-

tructured films is generated by photoexcitation of electrons from the valence band tail of the SiNx:Cl

matrix toward the conduction band tail of the SiNx:Cl matrix and the conduction band of the Si-QDs,

followed by diffusion and transfer of electrons and holes from the SiNx:Cl matrix to the Si-QDs, and then

electron–hole radiative recombination in the Si-QDs. These PL mechanisms explain quite well the large

absorption/emission Stokes shift that was experimentally observed in these films.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Silicon quantum dots (Si-QDs) or nanocrystals (Si-nc)
embedded in silicon oxide (SiOx), silicon nitride (SiNx) and silicon
carbide (SiC) films, are being intensively investigated as light
sources for the development of low-cost silicon-based photonic
and optoelectronic devices [1–17]. Although visible photolumi-
nescence (PL) at room temperature has been already obtained
from many of these silicon-based nanostructured systems, the
origin and properties of this PL are not completely understood at
present. Some experimental works have shown that quantum
confinement effects (QCE) of excitons in the Si-QDs play the most
important role for obtaining and controlling their photolumines-
cence (PL) [7,8,10]. However, other experimental and theoretical
works have shown that surface passivation and/or localized
defects at the Si-QDs/dielectric matrix interface, have also strong
influence on the PL properties of the Si-QDs [9,12,14,16–21]. On
the other hand, in spite of the large absorption/emission Stokes
shift that has been experimentally observed in silicon nitride films
with Si-QDs, [11,12], the origin of this shift has not been explained
and neither the mechanisms of excitation–emission of light in
these nanostructured systems. In order to get more insights on the
origin of this PL and to obtain it in an efficient and controlled
manner, and since in practice the absorption–emission mechan-
isms depend on the specific nanostructured system, this topic
ll rights reserved.
continues being of great interest. In this work we provide experi-
mental results which evidence QCEs in the tunable visible PL and
absorption of Si-QDs embedded in nanometric chlorinated SiNx

films (SiNx:Cl), and proposed a model to explain the mechanisms
of excitation–emission of light in these nanostructured films.
2. Experimental

The films were deposited on n-type (1 0 0) silicon and fused
silica substrates by remote plasma enhanced chemical vapor
deposition using SiH2Cl2/NH3/H2/Ar mixtures and the deposition
system reported previously [15]. The substrate temperature, rf
power, and total deposition pressure were fixed at 300 1C, 150 W,
and 300 mTorr, respectively. The flow rates of the SiH2Cl2, H2, and
Ar gases were fixed at 5, 20, and 150 sccm, respectively. The series
of samples investigated here were obtained using flow rates of
NH3 of 50, 100, 200, and 300 sccm. The deposition times were
adjusted to obtain films with the same thickness of approximately
80 nm. This nanometric thickness was chosen for all the films in
order to avoid the appearance of multiple peaks (by interference
effects) in both, the photoluminescence and transmission spectra
of thick films [11–13,15], which hinder the analysis of the main
features of the spectra (PL peak, absorption edges, etc.) as a
function of the Si-QD size. The thickness (Th) of the films was
measured using a manual Gaertner 117 ellipsometer equipped
with a He–Ne laser (l¼632 nm). A VG Microtech Multilab ESCA
2000 System was used to carry out X-ray photoelectron spectro-
scopy (XPS) to determine the N/Si ratio and Cl at%. Table 1 lists
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the N/Si ratios and Cl at% for the films investigated in this work.
As this table shows, all the SiNx:Cl films are silicon rich with
respect to stoichiometric silicon nitride (Si3N4 or N/Si¼1.33) and
become less silicon rich (the N/Si ratio increases) as the NH3 flow
rate increases. Photoluminescence (PL) measurements were car-
ried out in a dark room at room temperature, using an unfocused
beam of 25 mW from a Kimmon He–Cd laser operating at 325 nm
(3.81 eV). The PL spectra were recorded with a Fluoromax-Spex
spectrofluorometer. Ultraviolet–visible (UV–vis) transmission
measurements were carried out in the range from 300 to
1100 nm using a double-beam PerkinElmer Lambda 35 UV–vis
spectrophotometer. The presence and size of the Si-QDs was
confirmed by high resolution transmission electron microscopy
(HRTEM) using a field emission gun (JEM-2010F) which operates
at 200 kV near the Scherrer focus, with a theoretical point to point
resolution of 0.19 nm. The HRTEM images in planar view samples
were recorded with a CCD camera and treated with a digital
analysis program. Mechanical grinding and ion milling processes
were employed for the electron transparency thinning of the
samples.
Table 1
Empirical data of composition, PL and optical absorption characteristics, and QCE para

NH3 flow rate (sccm) N/Si ratio Cl (at%) PL peak (nm) d (nm) s (#/cm2

50 0.70 4.5 540 3.9 7.8�1011

100 0.91 4.7 528 3.7 2.1�1012

200 1.05 4.8 496 3.1 6.0�1012

300 1.16 3.9 436 2.4 1.4�1012

Fig. 1. HRTEM images showing Si-QDs embedded in a SiNx:Cl films deposited with (a) 5

(a) and (d), and 5 nm in (b) and (c).
3. Results and discussion

Fig. 1(a)–(d) show some HRTEM images of Si-QDs embedded
in silicon nitride films deposited at the different NH3 flow rates.
As can be seen qualitatively from these images, the Si-QD size
decreases as the NH3 flow rate increases, and this effect is
consistent with the fact that the films become less rich in silicon.
A careful analysis of several HRTEM images for each NH3 flow rate
was made in order to extract the approximate average size (d) and
density per unit area (s) of Si QDs with sizes up to 6 nm. As the
histograms of Fig. 2 show, the distribution of sizes shift towards
smaller sizes as the NH3 flow rates. The values of d and s are
listed in Table 1. This table shows that d decreases as the NH3

flow rates increases from 50 to 300 sccm, meanwhile s first
increases as the NH3 flow rates increases up to 200 sccm, and
then decreases for 300 sccm of NH3. The HRTEM analysis also
revealed that the SiNx:Cl matrix is amorphous, and that the Si-
QDs tend to be more crystalline as their size increases.

Fig. 3 shows the PL spectra obtained for the films deposited at
the different NH3 flow rates. The normalized PL intensity is also
meters of SiNx:Cl thin film with Si-QDs embedded.

) EPL¼Eg (eV) Eedge1¼Egtail (eV) Eedge2¼Eg0 (eV) DE (eV) C (nm2 eV)

2.3 3.0 3.8 0.4 17.3

2.35 3.1 3.8 0.35 16.3

2.5 3.3 4.2 0.45 12.9

2.84 3.5 4.5 0.5 9.7

0 sccm, (b) 100 sccm, (c) 200 sccm and (d) 300 sccm of NH3. The scale is 10 nm in



Fig. 2. Histograms of the size distribution and density of Si-QDs for the SiNx:Cl films as a function of NH3 flow rate.

Fig. 3. PL emission spectra of SiNx:Cl nanometric (�80 nm) films with Si-QDs

deposited with NH3 flow rates of 50 sccm (black), 100 sccm (red), 200 sccm

(green), 300 sccm (blue) and 500 sccm (light blue). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)

Fig. 4. Normalized PL and absorbance spectra as a function of photon energy for

films deposited with different NH3 flow rates.
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plotted in Fig. 4 as a function of the photon energy. According to
the quantum confinement effect (QCE) model, the major con-
tribution to the luminescence of these films comes from radiative
recombination of electron–hole pairs in the Si-QDs, and therefore
the energies (EPL) of the PL peaks, whose values are given in
Table 1, can be directly associated with the band gap energy
(Eg¼Ec�Ev) of the Si-QDs [7,8,10,22]. As it can be seen from
Figs. 3 and 4, the PL peak blue-shifts (shifts toward shorter
wavelengths or higher energies) as the NH3 flow rate increases.
Since the Si-QD sizes decrease as the NH3 flow rate increases, this
blue-shift can be also explained in terms of the QCE model, which
predicts that the Si-QDs band gap becomes quasi-direct and
increases as the Si-QD size decreases below the Bohr radius of
excitons in confined silicon (�5.3 nm) [22].
The changes in the PL intensity (Fig. 3) of the films with the
NH3 flow rate can be associated with the changes in the density of
emitting Si-QDs, since, both, PL intensity and Si-QD density follow
the similar trend of increasing when the NH3 flow rate increases
up to 200 scccm, and then they decrease for an NH3 flow rate of
300 sccm. The PL spectrum of a film deposited at a NH3 flow rate
of 500 sccm was also included in Fig. 3 only to show that in this
case the PL intensity decreases significantly due to the lower
density of emitting Si-QDs in this film, in spite that this sample is
much more thicker (dE375 nm).

In order to carry out a more detailed analysis of the origin of
the changes in the PL and the mechanisms of excitation–emission
of light in these films, the optical absorbance of the films was
plotted along with the normalized PL in Fig. 4, as a function of the
photon energy. A small absorption band with a maximum



Fig. 6. Energy band diagram model proposed to explain the excitation–emission

mechanism of Si-QDs embedded in SiNx:Cl films.
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between 2 and 3 eV is observed in the absorbance curves of Fig. 4.
Since this absorption band overlaps with the PL band, we can
infer that it originated from interband optical transitions in the Si-
QDs, where an electron jumps from the valence band (VB) to the
conduction band (CB) of the Si-QDs by absorbing a photon. Two
optical absorption edges are also observed in the absorbance
spectra of all the samples, which shift toward higher energies
(blue-shift) when the Si-QDs size decreases (by increasing the
NH3 flow rate). A large Stokes shift (�0.7–0.8 eV) between the
first absorption edge and the emission peak, is also observed for
all the samples.

In order to measure the energy of the two optical absorption
edges, and since the SiNx:Cl films are amorphous, we used the
well-known Tauc plots, (ahn)1/2 vs hn, of Fig. 5, and extrapolate to
zero ordinate each of the two straight lines fitted for each Tauc
plot. Table 1 shows the energies of the two absorption edges
measured for each sample. As can be seen from the data of this
table, the energy of the first and second absorption edges increase
from 3.0 to 3.5 eV and from 3.8 to 4.5 eV, respectively, as the NH3

flow rate increases. The energies of the absorption edge 2 (Eedge2)
can be associated with the band gap energy (Eg0 ¼Ec0 �Ev0) of the
silicon-rich silicon nitride (SiNx:Cl) matrix of the films. The
increase of the band gap energy of the SiNx:Cl matrix, from
3.8 to 4.5 eV, as the NH3 flow rate increases from 50 sccm to
300 sccm is quite expected, since this increase changes the
composition of the films toward stoichiometric silicon nitride
(N/Si¼1.33) which has a band gap of �5 eV.

Based on these data and since the energies of the PL peaks can
be directly associated with the band gap energy (Eg¼Ec�Ev) of
the Si-QDs, we built the simplified energy bands diagram
depicted in Fig. 6 in order to model the electronic structure of
our nanostructured films, and the excitation–emission mechan-
isms. As can be seen in the energy band diagram of Fig. 6, we have
added two energy band tails, below the CB and above the VB of
the SiNx:Cl matrix, which are well known to appear in amorphous
silicon nitride films [23,24]. As it has been shown recently from PL
measurements at cryogenic temperatures on a-SiN:H films, the
width (DE¼DEC¼DEV) of both sub-gap absorption tails is almost
the same and increases with the NH3/SiH4 ratio of the reacting
gases used for depositing the film, and is as high as DE¼0.35 eV
for a ratio of 9 [24]. It is worth to mention that the existence of a
band tail gap (Egtail¼E04�2DE) was fundamental in that work (as
well for this work) to explain why the PL of a-SiN:H films with
optical gaps as high as 4.8 eV, can be excited with photons with
energy of 3.81 eV from a He–Cd laser [24].
Fig. 5. Tauc plots of SiNx:Cl films with embedded Si-QDs.
In the case of our films, since the SiNx:Cl matrix is amorphous,
and the films were deposited using NH3/SiH2Cl2 ratios of 10, 20,
40, 60, we can infer the existence of subgap optical absorption
tails with a width (DE) of similar magnitude or higher. Based on
this, the energy Eedge1 of the optical absorption edge 1 calculated
from the Tauc plots can be associated to absorption of photons
which produce transitions of electrons from the VB energy tail to
the CB energy tail of the SiNx:Cl matrix. In other words, we can
consider that for our SiNx:Cl matrix Egtail¼Eg0 �2DE¼Eedge1, which
implies the reasonable values of DE listed in Table 1.

From these results and model we elucidate that the PL in these
nanostructured films is generated by the following excitation–
emission mechanisms: (I) photoexcitation with UV light of
electrons from the VB tail to the CB tail (through Egtail) or from
the VB to the CB (through Eg0) of the SiNx:Cl matrix (excitation
processes 1 and 10 in Fig. 6), (II) relaxation, diffusion and transfer
of the photogenerated carriers (electrons and/or holes) from the
SiNx:Cl matrix to the Si-QDs (processes marked with curved
arrows in Fig. 6), (III) electron–hole radiative recombination in
the Si-QDs (processes 3 in Fig. 6). Assuming these excitation–
emission mechanisms and that the level of the Fermi energy is the
same and at the middle of the band gap of both the Si-QDs and
the SiNx:Cl matrix (EF¼Eg/2¼Eg0/2), it is explained physically and
quantitatively the large and approximately constant absorption/
emission Stokes shift (Eedge1�EPL�0.7–0.8 eV) for all the ana-
lyzed samples.

It is worth to mention that, interestingly, another possible
photoexcitation mechanisms with 3.81 eV are from the VB of the
SiNx:Cl matrix to the CB of the Si-QDs (process 2 in Fig. 6), or even
from the VB of the Si-QDs to the CB of the SiNx:Cl matrix.
However, since the volume of the SiNx:Cl matrix is larger than
the volume of Si-QDs, the photon has a higher probability to
excite the electrons from the VB of the matrix than from VB of the
Si QDs.

Finally, we used the formula; EPL¼ESiBulkþC/d2, where d is the
dot diameter and ESiBulk¼1.16 eV, is the band gap for bulk
crystalline silicon, in order to calculate the quantum confinement
parameter C for our Si-QDs, and to compare with that reported by
other authors [7,8,10]. As can be seen from Table 1 the values of
the confined parameter increase from C¼9.7 to 17.3 nm2 eV,
when d increases from 2.4 to 3.9 nm,. These results show that
the quantum confinement effect for the larger Si-QDs, which tend
to be more crystalline, is larger than that of smaller Si-QDs, and
this trend is similar to that found previously [7,8,10]. The values
of the confinement parameter obtained in this work are of the
order of those reported previously for silicon nanocrystals
embedded in hydrogenated silicon nitride films [8,10], and the
discrepancies among them are well expected since this parameter
is proportional to the reduced mass 1/mn

¼1/me
n
þ1/mh

n, where me
n

and mh
n are the electron and hole effective masses, respectively,

and in practice they must depend on the specific surface passiva-
tion and/or surrounding host of the Si-QDs, which in turn depend
on the source gases and deposition conditions used to prepare
these nanosctructured systems.
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4. Conclusions

In summary we have investigated the PL and optical absorp-
tion properties of Si-QDs embedded in SiNx:Cl nanometric thin
films. We found that the PL of these Si-QDs can be blue-shifted in
the visible range by reducing the size of the Si-QDs below the
Bohr radius of excitons in confined silicon. Two optical absorption
edges were observed in the absorption spectra of the films, which
also blue-shift as the size of the Si-QDs decreases. From these
experimental results we proposed a model for the excitation–
emission mechanisms to explain the PL and the large absorption/
emission Stokes shift of these nanostructured films. Although the
blue-shift of the PL and absorption edges with the reduction of Si-
QDs size can be explained in terms of quantum confinement
effects, we conclude that the surface passivation of the Si-QDs
also has influence on these effects.
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