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Abstract

The Global Reaction Model describes a set of chemical reactions that can potentially occur during
the process of obtaining silicon rich oxide (SRO) films, regardless of the technique used to grow
such films which are an outside stoichiometry material. Particularly, chemical reactions that occur
during the process of growing of SRO films by LPCVD technique are highlighted in this model. We
suggest and evaluate either some types of molecules or resulting nanostructures and we predict
theoretically, by applying the density functional theory, the contribution that they may have to the
phenomenon of luminescence which is measured in SRO films. Also, we have calculated the opto-
electronic properties of SRO films. The suggested model provides enough information required to
identify the molecular structures resulting from the presence of defects in SRO films and also
those corresponding to charged structures. It is also possible to detect the molecular structures
which are modified due to the effect of heat treatment, and identify the presence of different oxi-
dation states inclusive the formation of siloxanes.
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1. Background

The motivation of this work is to apply a new model, which we have called the Global Reaction Model (GRM),
for the theoretical study of the optical and electronics properties of Silicon Rich Oxides (SRO) structures re-
gardless of the technique used to fabricate such structures. For developing this model, Espinosa et al. [1] have
reviewed firstly some important experimental results about measurements of structural and optical properties
carried out on SRO samples grown by different techniques and the theoretical models available in order to de-
scribe a SRO network. The aim of this review is twofold; on one hand, we have found relevant information in
relationship to actual quantification of silicon nano-clusters (Si-nCs) about their size, electromagnetic range of
emission, molecular structure and important parameters which are responsible for making variations of optical
properties of SRO.

On the other hand, we take experimental information as background in order to focus correctly on our theo-
retical research based on using the Density Functional Theory (DFT) method corresponding to atomic composi-
tion of different silicon isomers suggested simulating the Si-nCs embedded in SRO films, SRO structures with
specific defects and charged SRO structures (anions and cations), as possible responsible of luminescence in
SRO films.

Silicon Rich Oxide (SRO) thin films have been studied extensively and are very interesting due to their opto-
electronic properties, particularly those related with luminescence. In general, luminescent properties can pro-
vide significant information regarding the crystalline structure of a material and, in the case of SRO thin films,
electro-luminescence properties are particularly important since these films can be used to fabricate luminescent
devices [2].

This paper is outlined as follows: Background, section of Results and Discussion in which we present differ-
ent UVVis and FTIR spectra of the several molecular structures studied in this work. Finally, in the section of
Conclusion we stress the key contributions of this paper.

2. Methods

When SRO is prepared by Low Pressure Chemical Vapor Deposition (LPCVD) technique, a gas mixture of N,O
and SiH, is habitually used [3] [4] and the Si excess content can be modified by the gas flow ratio Ro =
[N,OJ/[SiH4] [5] [6]. The silicon excess can be as high as 17 at% for Ro = 3; and experimentally stoichiometric
SiO, (a non-free silicon film) can be obtained for Ro > 50 [7]. Theoretically, Ro = 40 corresponds to the stoi-
chiometric silica, when a mixture silane-nitrogen at 5 at% is used. Experimentally, there is enough evidence that
SRO thin films are constituted by a silicon oxides mixture rather than by only one of them, regardless of the
value of Ro.

We apply GRM [1], which consider the Global and Partial Reaction(s) necessary to generate the oxide ma-
trices (SiO,, Si,0s, SiO and Si,0), the annealing reactions for explaining the compositional changes after and
before the thermal treatment and consequently the changes in luminescence spectra intensity and a set of sec-
ondary reactions of the oxide matrixes with the hydrogen produced to obtain the ions that could be associated to
the emission in SRO thin films with specific defects.

3. Results and Discussion
3.1. Luminescence in SRO Structures with Specific Oxygen Defects

Besides the point defect in a-SiO, (amorphous silica), ab initio cluster approaches have been used to model var-
ious phenomena associated directly and/or indirectly with defect centers, for example, oxidation processes of
silicon surfaces [8], H-induced defect formation reactions at Si-SiO, interfaces [9], optical excitations of nano
crystalline silicon [10].

Broadly, it is known that defects strongly affect properties of materials. For example, doping a semiconductor
with a small number of impurity atoms leads to a significant change of its conductivity making such materials
useful for technological applications. Similarly, optical transitions involving electronic states of defects can in-
duce a coloration of the otherwise transparent solid, a frequently encountered phenomenon in natural crystals.
Also, the mechanical properties and the long-term stability of materials are largely controlled by point and line
defects.

It is therefore not surprising that the theoretical study of point defects in solid materials has a long history [11].
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Many properties of defects are nowadays well understood. These include for instance the nature of hydrogenic
impurities in elemental semiconductors and the energy splitting resulting from local crystal fields. However,
these kinds of aforementioned defects represent just a small class of all possible defects. A non-exhaustive list of
applications includes: solar cells [12], solid state light-emitting diodes [13], longer-serving batteries [14], novel
metal-oxide-semiconductor field-effect transistors [15], and solid fuel cells [16]. The behavior of such devices is
generally influenced or governed by an uncountable number of defects which are present in the bulk or at the
interfaces between different materials. Such defects are often identified as deep, i.e., they are characterized by
localized electronic states which are like the electronic states of the host material and possess ionization energies
higher than those of typical thermal energies. The experimental optical characterization of such defects is often
very difficult, and thus theoretical studies are necessary and essential in order to understand the nature of such
defects and to interpret correctly the experimental data obtained from such characterizations. However, because
of their deep nature, the theoretical description of the associated electronic states is beyond the scope of simple
models. This justifies the incessant unfolded efforts in the theoretical studies of defects [17]. When one is work-
ing with Photoluminescence (PL), it might find thermally stimulated luminescence (TSL) very useful for detec-
tion of defects and luminescence centers. The TSL was suggested as a potentially useful research tool for trap-
level analyzing by Urbach in 1930 [18] and later by Townsend [19] in 1994, it became one of the main tools for
analyzing defect structures in solids. Hall Effect measurement is also useful for investigating defects. It is possi-
ble to determine type of carrier (for electron or hole), capture cross section and concentration of defects using
deep level transient spectroscopy (DLTS).

Robertson [20]-[23] describes silica as an almost ideal insulating oxide, in that it has a low concentration of
defects which give rise to states in the gap. This is fundamentally because it has a low coordination number, so
that its bonding can relax and re-bond any broken bonds at possible defect sites. Any remaining defects are pas-
sivated by hydrogen. The oxides with a high dielectric constant are not materials with a low intrinsic defect
concentration because their bonding cannot relax as easy as one would like. Most of strategies trying to reduce
defect densities consist of processing control and annealing procedures.

In Figure 1 we present the molecular structure for a specific type of silica composed of rings with three sili-
con atoms alternated and joined by oxygen atoms. This structure has already been reported in literature pre-
viously [20]. All silicon atoms involved have tetra valences. In every ring, one silicon atom is shared by two
rings and the other two silicon atoms, in each ring, are double bonded with one oxygen atom. Graph at the top of
Figure 1 corresponds to FTIR spectrum, the peak with the highest intensity corresponds to the stretching mode
vibrational frequency of Si-O bond. As we can see in UV Vis spectrum at the bottom of Figure 1, Silica type
structure 3MRSIO, emits in the violet region.

3.2. Luminescence in SRO Structures with a Low Quantity of Defects

We calculated several structures for SigO47 and SigOy6, assuming most of imagined isomers and never was found
emission in visible region in UV Vis one according to calculated spectrum. i.e., when we eliminated only one or
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Figure 1. FTIR and UV Vis spectra. Theoretical calculated FTIR and UV Vis spectra
for molecular structure type 3MRSIO, SigO1g.
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two oxygen atoms of a silica structure type 3MR, modeling as a structure with a defect, the UV VIS spectra are
modified but the maximum emission remains in visible region.

Figure 2 and Figure 3 correspond with two isomers from structure SigO;5. These structures are shunted from
original silica type 3MR SigO,g from which we have eliminate three oxygen atoms from selected positions. We
evaluate eight isomers for SigOss, labeled with capital letter from A to H. Selected properties for these structures
are calculated and included in Table 1. From this table, we can see that isomer A results the most stable. For
obtaining this structure, we have removed three oxygen atoms from the same ring located in one side of the
structure. For isomer C shown in Figure 3 we had removed three oxygen atoms from one ring in the middle part
of the structure. All the evaluated SigOy5 isomers exhibit the maximum intensity peak of emission in violet re-
gion, as we can make sure in column UVVIS lambda max in Table 1. Consequently, when the structure contains
a chain with three silicon atoms least, additional emission peaks in visible region are predicted. Only one excep-
tion was found for isomer F which, despite it contains a chain of three silicon atoms, does not display emission
in the visible region of electromagnetic spectrum. It is highly probable that this fact is due to the chain includes
two rings, instead of only one. The wavelength calculated for emissions in visible region were as follows:
SigOysA (522.58 nm), SigOy5G (none), SigO15C (541.52 and 742.74 nm), SigO45B (none), SigO15D (410.26 nm),
SigOysH (458.78 nm), SigO1sE (460.94 nm), SigOs5F (none). Note that structures 3MRSigO45 could be related
with SRO structures with SiO,, x = 15/9 = 1.667.
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Figure 2. FTIR and UV Vis spectra. Theoretical spectra for the case of 3MRSiOy
SigO;5 isomer A.
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Figure 3. Theoretical FTIR and UV Vis spectra for isomer C (3MRSiOy SigO;5).
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Table 1. Selected properties calculated for structures type 3MRSigO;s, considering defects due to absence of three oxygen
atoms.

Label E (au) Rel. E (eV) 3;%3': = ?e(\)/';/lo = I(‘g/'\)/lo Band gap Size [nm] Iar'#t:(/j\e: Iriax
SigOisA  —3734.76369  —0.0000 6.60 -7.20 -3.91 3.2873 0.56863 356.6
Sig01sG —3734.65592 2.9326 0.51 -8.87 -3.83 5.0378 0.56745 267.1
Sig015C —3734.64602 3.2019 5.51 -7.24 —4.94 2.3031 0.57407 370.7
Sig015B —3734.62837 3.6822 0.63 -8.93 -3.84 5.0859 0.56723 254.9
SigO415D —3734.62532 3.7652 121 —8.53 —4.26 4.2651 0.56604 311.0
SigO1sH —3734.62028 3.9024 0.76 -8.35 —4.56 3.7879 0.56597 349.3
SigOsE —3734.62005 3.9085 0.62 -8.34 —4.56 3.7726 0.56593 295.4
SigOssF —3734.61861 3.9478 0.46 —8.87 -3.81 5.0581 0.56717 302.2

3.3. Luminescence in SRO Structures with a High Quantity of Defects

In Figure 2 and Figure 3, we present the FTIR, UV VIS spectra and molecular structures for two isomers de-
rived from silica type 3MRSIiO, SigO;, (SRO or SiO,, x = 12/9 = 1.334).

For structures 3MRSIO, SigO1, we evaluated eight isomers, labeled like A, B, ..., H. Molecular structure for-
Siy0y, isomer H, contains a chain constituted by six silicon atoms, along the four rings (see molecular structure
in Figure 4). Emission in visible region at 432.24 nm for isomer H corresponds with the second excited state, a
singlet with an excitation energy of 2.8684 eV that could be associated to the chain of six silicon atoms.

FTIR spectrum for SiyO,, isomer H is displayed at the top of Figure 4. Going from left to right, we identified
three main peaks. As consequence from this, we can make some commentaries. First, we can identify a peak
with a shoulder in the range from 1313.795 to 1213.404 cm ™. In this interval there are six frequencies of vibra-
tion which correspond to stretching modes of vibration Si=O (double bonded). Second, we can discriminate the
most intense peak, with a shoulder too, in the range from 972.901 to 854.137 cm* containing 6 vibrational
stretching modes which correspond to Si-O (single bonds). Finally, there is a third peak with a shoulder in the
range of frequencies from 767.465 to 686.723 cm * due to six frequencies from bending Si-O modes. This nano-
structure has a countable number of 57 calculated vibrational modes, where the majority of them (39) have fre-
quencies lesser than 500 cm™* and with a weak intensity.

On the other hand, the nanostructure labeled as SigO,, isomer F, and shown in Figure 5, is most stable that
the one discussed previously (isomer H). Despite of the fact that isomer F has the highest dipole moment (8.5
Debye), it is 0.3831 eV less than isomer H in energy. For the lowest energy isomer, our calculations predict
emission in three wide bands in visible region. The excited states responsible for these emissions are located at
energy levels corresponding to wavelengths of 495.66, 575.69 and 641.03 nm, respectively. Intide this structure
there are three small chains Si-Si-Si given by six Si-Si bonds. There is only one ring without Si-Si bonds as in-
dicate by the thick blue arrow in Figure 5. Specifically in this ring we located three Si-O-Si bonds. These bonds
are responsible for the most intense vibration peak displayed in FTIR spectrum at the top of Figure 5. This peak
contains a shoulder including the vibrational frequencies of 1026.744, 980.647 and 923.72 cm * which corres-
pond to three calculated Si-O binding modes.

In FTIR spectrum displayed at the top of Figure 5, we can identify the peak and its shoulder with the highest
frequencies (from 1314.175 to 1144.939 cm%). It corresponds with six vibrational stretching Si=O modes
(double bond), in the same manner as noted for isomer H. The only difference respect to isomer H is a wider
shoulder.

Complete data for isomers type 3MRSIig0,, are collected in Table 2. As we can see, the most stable structures
correspond to isomer D, E and B, with differences in energy given by the values of 2.48 and 2.61 eV respect to
the most stable structure (D).

Structures D, E and B contain one ring formed only with silicon atoms (there are not oxygen atoms forming
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Figure 4. FTIR and UV Vis spectra. Case of the 3MRSIiO,SigO;, isomer H.
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Figure 5. FTIR and UV Vis spectra. Case for the 3MRSiO, SigO;, isomer F.

Table 2. Selected properties calculated for structures type 3MRSigO;,, considering defects due to absence of six oxygen

atoms.

Label E (au) (2;';3:5 Rel. E (eV) Size [nm] Iarr?b\é;friax = Te(\)/';/lo = I(‘;'\J/'\)Ao Band gap
SigO12D —3508.809 13.10 0.00 0.582628 521.06 —6.33991 —4.04944 2.29048
SigO1E —-3508.718 5.73 248 0.566746 435.83 —7.14633 -4.30199 2.84433
Sig01,B —3508.713 1.59 2.61 0.593898 462.70 —7.86963 —4.38847 3.48116
SigO1F —3508.650 8.50 4.32 0.593296 495.66 —7.17001 -5.17457 1.99544
SigO1H —3508.636 1.00 4.70 0.566265 339.22 —8.42085 —4.56284 3.85801
Sig01,G —3508.635 0.75 4,73 0.566545 306.33 —8.38434 —4.00138 4.38296
Sig01,C —3508.627 0.53 4.94 0.566423 312.11 -8.57179 —4.40047 417132
SigOA —3508.045 4.75 20.79 0.554920 589.87 —5.90535 —3.77692 2.12843
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Si-0O bonds in this ring). It is very likely the “silicon cycle” -Si-Si-Si- to be responsible for luminescence in visi-
ble region. In the most favorable energetically structure, the two double Si=O bonds associated to referred sili-
con cycle, intend to introduce into the cycle forming angles of 18.3° with respect to the plane described by the
silicon cycle. Normally the oxygen atoms in Si=O (double bonded) forms a dihedral angle of ~180° in 3MR
cycles.

Our results predicted luminescence with the highest intensity in visible region for isomers D, E, B, F and for
isomer A. Isomer A is energetically the least favorable of all evaluated isomers type 3MRSiyO;,, and has a large
difference in energy (20.79 eV) respect to the most stable isomer.

3.4. Charged SRO Structures (Anions and Cations)

Pure semiconductor materials include various structural defects such as the intrinsic defects and the residual
impurities. Doping of semiconductors allows introducing new impurity defects and modifying their intrinsic de-
fects. In this case the intrinsic defect concentration is changed. At the same time it is possible the formation of
complex defects with the participation of the intrinsic defects (for example, cation vacancies) and the impurity
atoms. Thus, the distribution of the intrinsic and extrinsic defects may be very complex and that depends on the
impurity concentration. Therefore, in this case it is really possible to determine only the relative concentrations
of various defects. PL measurements are effective as a method to study the structure of defects of semiconductor
materials. However, it is also very useful to use other techniques like photo diffusion current measurements and
temperature dependent DLTS measurements to predict the concentration and trap level of the defects. DLTS
method is very important to investigate the deep levels. However, the energy levels caused by the vacancies are
usually of small energy.

In this section, we report results for the nano structures type 3MRSi;,0;, which could be consider as a specif-
ic SRO film in which we have SiO, (x = 1.0). We have evaluated five different cases including: neutral molecule,
anion, di-anion, cation and di-cation species.

Figure 6 shows the ion energy levels calculated, including HOMO (+2), HOMO (+1), HOMO, LUMO and
LUMO (-1). The order for calculated ions in this figure is as follows: neutro, cation, di-cation, anion and
di-anion. Other evaluated energy levels are included in five plots in Figure 11. Only for charged species is
possible to represent o and S orbitals.

Neutral defects have sometimes dangling bonds (unsaturated bonding capabilities). These capabilities facili-
tate the transfer of electronic charge between the defect and the host matrix, and frequently occur to the point
that the defect becomes completely ionized. The degree and direction of electron transfer (toward or away from
the defect, respectively, for acceptors and donors) of course depend upon the electron abundance in the host, as
quantified by the host’s chemical potential in the vicinity of the defect. In semiconductors, the host’s electron
richness can be adjusted readily, inter alia, imposing electric fields, by doping and photo stimulation. Thus, the
ionization state of the defect can often be controlled.

In Figure 6 we can verify that di-cation has the lowest energy levels, whereas di-anion has the highest ones.
On the other hand, the thermodynamic parameters, including band gaps, ionization energies, and energies of de-
fect formation and/or migration, are not the eigenvalues of a Schrodinger equation describing the crystal [21].
The thermodynamic parameters are defined statistically in terms of reactions occurring among ensembles of all
possible configurations of the system. Confusion over this distinction sometimes exists particularly with refer-
ence to ionization levels. Figure 7 displays calculated band gap in lons of nanostructures type 3MRSi;,0p,. In
this figure, the numbers in the horizontal axis (1, 2, 3, 4 and 5 going from left to right) are associated to corres-
ponding band gap according to the type of ion, e.g., the calculated band gap for neutral structure (number 5,
neutrum) is Eg = 3.012 eV and so on. Bang gap is reduced as far as the structure is charged (positively or nega-
tively), i.e., EQcation = 2.577 €V (number 4 in horizontal axis), EQanion = 2.254 €V (number 2 in horizontal axis),
and is additionally reduced for di-cation (2.508 eV) (humber 3) and di-anion (2.129 eV) (number 1). The topics
about effect of reduction in the bang gap on the processes of decay, recombination of pair electron-hole and the
emission in the visible region are concisely discussed below.

Defects exchange charge with both the conduction and valence bands via either thermal or radiative processes.
In the thermal processes, the defect captures or emits a charge carrier directly, with a rate that is generally quite
fast for defect eigen-states close to the bands, but sometimes much slower (many seconds) for levels lying deep

within the band gap [22].
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If the defect possesses significant capacity to store excess charge within its structure, the range of ionization
states can be quite large. For example, a mono-vacancy in silicon nominally incorporates four unsaturated dan-
gling bonds, and permits charge states ranging from (=2) to (+2), (see Fahey et al. [23]).

Figure 8 contains two plots: the first one represents the energy levels (eV) (left side scale) which corresponds
to the highest intensity of emission of neutral and charged nanostructures 3MRSi;,01, and the second one (right
side scale) contains the wavelength in nm. Our results predict emission in visible region for neutral and charged
structures. A red shift, including a band widening or appearing a second band in NIR is predicted when nano-
structure is charged (positively or negatively). It is possible correlate UVVIS,qmpda max With calculated band gap

(Eg) through the next analytical equation:
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Figure 8. Slide of potential (KJ/Mol). Case corresponding to
di-cation nanostructure type 3MRSi;,05,. Calculated natural
charge is displayed.

UVVIS lambda max = —6.6x10* +2.2x10 (1-cos(Eg))+5.6x10° x(1-cos(2Eg))
~3x107 x(1-cos(3Eg))+7.9x10° xsin(Eg)
-1.1x10° xsin(2Eg ) -1.9x10° xsin(3Eg),

where UVVIS lambda max has units of nm and Eg is expressed in eV. Complete UV Vis spectra are included
through five plots in Figure 11.

Table 3 contains details of calculated atomic electrostatic charges for neutral and ions of nanostructure type
3MRSi,0;,. In this table, labels Sis and O; were not employed. Silicon atom labeled as Si; (a tetra valence sili-
con atom) displays an unusual behavior with negative charges for all evaluated species. Other silicon atoms with
negative charges are highlighted in yellow in Table 3. One half of all silicon atoms (six), resulted negatively
charged in di-anion structure, five of which correspond with silicon atoms with di-valence. Figure 9 shows a
slide of potential (KJ/Mol) for Di-cation nanostructure type 3MRSi;,O;,. Negative values in potential are identi-
fied as the most reactive parts of the structure. Complete representation of « HOMO, f HOMO, o LUMO and g
LUMO orbitals and calculated electrostatic charges, for lon’s nanostructures type 3MRSi;,0;, are displayed on
Figure 10. Note that the graphic has “blue and red” regions. These correspond to positive and negative values of
the orbital.

Several distinct phenomena are known which contribute to the emission of electrons, atoms and ions, when a
solid is irradiated. For example, near equilibrium evaporation, thermionic emission of electrons not near equili-
brium with the lattice, single and multiple photon photoemission of electrons, atoms and ions, electrostatic ex-
pulsion of positive ions (cation and dications) all of them either produced by Auger recombination of core holes
on anion lattice sites known as Knotek-Feibelman effect [24], or due to dipole layer at the solid surface that is
largely responsible for the work function of the crystal, emission of atoms, ions or molecules by formation of
Frenkel excitons.

Figure 11 contains five UV VIS spectra which correspond to all 3MRSi,0,, evaluated species. Likewise,
therein there have also been included orbitals energy representation and calculated natural charges. All spectra
calculated predict emission in visible region and appear additional emission peaks, mainly in NIR when the
structure is ionized. Figure 11(a) corresponds to di-anion nanostructure [3MRSi;,01,] % Five excited states are
responsible for emission in visible region with wavelengths from 564.47 to 751.72 nm (from green to red) and
there is also emission predicted in NIR in 1100.89 nm. Figure 11(b) displays UV Vis spectrum for Anion
[3MRSi12012]'1. In this case, emission in NIR moves towards 998.14 nm and there is a slight change in position,
a shift towards blue, and a reduction in overlapped wide bands resulting in an interval from 537.74 to 684.17 nm

but equally ranging from green to red again.
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Figure 9. Selected ions UV Vis values. Calculated maximum emission wavelengths
(nm) and energy levels (eV) in ions type 3MRSi;,03,.

Table 3. Calculated atomic electrostatic charges for neutral and ions of nanostructures type 3MRSi;,03,.

Label Total charge Total charge Total charge Total charge Total charge
(~2.00) (~1.00) (0.00) (+1.0) (+2.0)

Siy —0.584438 —0.478022 —0.438560 —0.140584 —0.156745
Si, 0.914089 0.837708 0.884092 0.683964 0.459379
Sis 0.211460 0.389233 0.493326 0.254358 0.323711
Sig 1.431868 1.121740 1.245215 0.616314 0.855904
Si; 1.118033 1.093315 0.902916 0.703278 0.682565
Siy 0.023764 0.135818 0.228131 0.286455 0.384194
(o} —0.356206 —0.441986 —0.393954 —0.301616 —0.333133
O, —0.139666 —0.203868 —0.275480 —0.199056 —0.231657
Si7 —0.454792 —0.326423 0.025432 0.260761 0.563098
Os —0.470813 —0.402532 —0.377381 —0.359844 —0.352606
O¢ —0.493062 —0.412706 —0.354076 —0.279034 —0.367676
Sig —0.109993 0.111324 0.225826 0.331603 0.460145
Siyg —0.141193 0.012977 0.123844 0.304735 0.619007
(oF —0.428302 —0.370469 —0.398339 —0.323710 —0.458963
Og —0.286096 —0.068329 —0.175626 —0.292179 —0.372013
Siyy 0.808496 0.629720 0.766873 0.737952 1.218358
Oq —0.363083 —0.312911 —0.431639 —0.211286 —0.297205
O1o —0.631837 —0.534221 —0.539512 —0.339460 —0.381793
Ou —0.672961 —0.656163 —0.643680 —0.487496 —0.553699
O1 —0.488835 —0.471517 —0.482676 —0.345050 —0.277280
Sip —0.034145 0.059246 0.253000 0.332601 0.394407
Siys —0.048352 0.065544 0.227672 0.249604 0.323721
0O, —0.560650 —0.464421 —0.479384 —0.278348 —0.356068
Os3 —0.243286 —0.313057 —0.386020 —0.203963 —0.145651
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Figure 10. Orbitals HOMO and LUMO. Representation of « HOMO, g HOMO, o LUMO and g LUMO orbitals and calcu-
lated electrostatic charges, for lons nanostructures type 3MRSi;,03,.
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Figure 11. UV Vis PL spectra. Plots representing the calculated PL spectra for lons of a nanostructure type 3MRSi;,01,
which are ordered as follows: (a) Di-anion; (b) Anion; (c) Di-Anion; (d) Cation; and (e) Neutral. At left side of each PL
spectrum are represented « and S orbitals with their corresponding orbital energy in units of (eV). Particularly, for neutral
structure there is only a energy levels. At right top of each plot are displayed the calculated molecular structures where
values displayed in each one correspond to calculated natural charges. The horizontal axis of each plot is in units of nm’s.

When structure is positively charged, there is not a separation of the wide bands. All the emission peaks due
to excited states are very close each other and all of them are partially overlapped. Figure 11(c) corresponds to
results for di-cation [3MRSi12012]+2. For this ion, emission in NIR moves to 868.44 nm. Finally, for anion
[3MRSi,04,]™ Figure 11(d) shows a UV Vis spectrum with emission only in visible region whilst Figure 11(e)
predicts emission in UV and visible regions for neutral structure.

4. Conclusion

We have employed the Global Reaction Model in order to predict the theoretical luminescent behavior of nano-
structured silicon rich oxide films which are considered as constituted by nanostructures. The proposed model is
successfully applied to evaluate: firstly, the contribution to the luminescent phenomenon of the calculated mo-
lecular structures. In these structures we have introduced different levels of defects generated by the absence of
oxygen atoms. Obtaining luminescent emission in the visible region of the electromagnetic spectrum has been
evidenced. The calculated shape of the luminescent spectrum is modified depending on the type of isomer. Se-
condly, we have evaluated five different charged states to simulate defects in SRO films which include: neutral
molecule, anion, di-anion, cation and di-cation species reporting results for the nanostructures type 3MRSi;;015,.
The ion energy levels calculated, include HOMO (+2), HOMO (+1), HOMO, LUMO and LUMO (—1). We cal-
culated the atomic electrostatic charges for neutral and ions of nanostructures type 3MRSi;,0,,. Additionally, an
analytical expression that correlates the energy of the band gap with the wavelength of most intense emission for
charged molecules is presented.
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