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Physic

ABSTRACT This current work is devoted to present some important results obtained by theoretical calculations us-
ing DFTmethod and the Global Reactions Model (GRM) in relation to molecular structures and optical 

properties such as photoluminescence (PL),Fourier Transform Infrared (FTIR)spectroscopy and energy gaps Egfor silicon 
nanoclusters ( ) embedded in silicon rich oxide (SRO) films. We make comparisons between theoretical pre-dictions 
and experimental results taking as reference experimental results obtained from measurements performed on SRO thin 
films obtained by the Hot Filament Chemical Vapor Deposition (HFCDV) technique. We stress that the scope of our 
theoretical predictions is general since it does not depend on the particular technique used to obtain the SRO struc-
ture but rather the suggested  structure used in our GRM. As for main results found we have that a good correlation 
exists for Eg values in the case of   films grown at 1020 °C corresponding to   and   molecular structures suggested as 
well as for films grown at 1150 °C in such case a molecular structure type Si9O9 is associated. Regards PL correlation,  
SiOx  film grownat 900°C gives a PL spectrum with two main peaks at 440nm and 548nm while theoretical spectrum 
shows peaks at 471nm and around of 549.8 nm and the corresponding molecular structure is type Si9O9 . Besides, the 
same sample with a further annealingdisplays lluminescence peaked at 405nm, 749nm and 820nm and in this case 
theoretical results predict only one correlated peak at 415nm using a molecule type  .Also, in relation to the FTIR 
correlation, theoretical calculations predict frequencies of vibrational modes of bonds Si-O (rocking,bending,stretching) 
and Si-H (wagging, bending) whose value sare well located in the experimental frequency range and Si-H the corre-
sponding atomic structure is type .

1. Introduction
It is well known that the crystalline silicon has no photo-
luminescence due to multiple phenomena of non-radiative 
recombination between electrons and holes, and that the  
presents photoluminescence both by its amorphous nature 
and by their large gap. This latter property has been taken 
as a starting point to consider silicon confined systems of 
great in-terest because they offer the possibility of light 
emission from silicon-based materials. Following the initial 
report of the light emission from porous silicon, Canham 
in 1990, this has been anovel subject of intense scientific 
activity currently along with other confined systems. Par-
ticularly, from this latter, it results so important the Silicon 
Rich-Oxide (SRO) thin films.The physical microscopic struc-
ture of SiOx   is still a subject of discussionnowa-days, be-
cause its structural arrangement is a key knowledge to get 
a deep understanding about radiative emission mecha-
nisms in this kind of nano-structured materials.

In the study of the SRO, one branch of research is fo-
cused on investigating the main mechanisms which gen-
erate the luminescent phenomena in this material. In the 
case of struures such as SRO thin films, it is found in litera-

ture different approaches. So, it has been proposed sev-
eral mechanisms involved in the luminescent emission ob-
served, these include among others: quantum confinement 
of excitons, luminescencedue to chemical species (such as 
siloxanes, Silicon Oxides and Sub-oxides), interfacial states, 
defects and strain related luminescence. Although there is 
a growing consensus that the quantum confinement effects 
may explain some of the features of the luminescence 
spectra , it is clear that in some cases other important fac-
tors are present such as energy barriers, defects, size vari-
ations, geometrical arrangements and so on. Up to now, 
there are no complete models capable of including all 
mechanisms which are responsible of radiative emission.

On the other hand, luminescent phenomenon in SRO 
structures can be excited by different forms, so we find 
that experimentally, luminescence spectra are generated 
by Photo-Luminescence (PL), Electro-luminescence (EL) and 
Cathode-Luminescence (CL) mechanisms. The fundamen-
tal physical mechanism which explains correctly the origin 
of luminescent phenomena in each one of these different 
forms of excitation is still an active field of research.
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Today, a few models are frequently used to describe a 
SRO network, namely: the Mixture Model (MM)by Bell and 
Ley , the Random Bonding Model (RBM) by Philipp  , and 
the Intermediate Model (IM) introduced in 2011 by Novik-
ov and Gritsenko  . In 2012 Davor et al.  , in an extensive 
review, considered that the actual structure seems to be 
greatly determined by the deposition procedure. In some 
works, the   structures films obtained by radio-frequency 
Sputtering and physical evaporation were claimed to cor-
respond to RBM, whereas the   films obtained by magne-
to-sputtering, plasma enhanced chemical vapor deposition 
(PECVD), have been assigned to MM. IM was used to de-
scribe   layers prepared by Low Pressure Chemical vapor 
deposition (LPCVD) technique using SiH4 and N2O as a 
reactant precursors at 750 °C. Finally, we find a new mod-
el, the Global Reactions Model (GRM) suggested lately by 
Espinosa-Torres et al. . This model describes, firstly the 
compulsory Global and Partial Reaction(s) to produce the 
oxide matrice and secondly, the annealineactions for elu-
cidating the compositional changes before and after the 
thermal annealing and subsequently the variations in the 
intensity of luminescence spectra and also,it describes a 
set of secondary reactions of the oxide matrices with the 
hydrogen produced in the reaction chamber to obtain the 
charged species that could be associated to the emission 
in SRO thin films with explicit defects.

On the other hand, among the different techniques used 
for depositing thin films we can mention the Hot Filament 
Chemical Vapor Deposition (HFCDV) technique. This tech-
nique is known by different names like I-CVD (initiated-
CVD), Cat-CVD (Catalytic- CVD) and HWCVD (Hot Wire-
CVD).Amorphous and micro-crystalline silicon could also 
be obtained with this method .

Another technique is that known as Low Pressure Chemi-
cal vapor deposition (LPCVD), it allows getting silicon-rich 
oxide layers using oxide species like nitrous oxide  and sili-
con compounds (silane ) as reactants gasses. Silicon excess 
is easily controlled by changing the partial pressure ratio  
Robetween N2O  and SiH4  defined by Ro=P(N2O)/P(SiH4) or 
simply Ro= N2O/ SiH4.

In regard to the origin of the PL emission in Si-NCs , it is 
still a subject of debate; however we can find some pro-
posals of models suggested explaining this phenomenon. 
One of this models relates the PL to Quantum Confine-
ment Effects (QCE) , .The other model relates the PL to 
defects in the oxide matrix at the interface SiO2/Si/NCs. 
Broadly, both common accepted proposals make use of 
approximated quantum methods in order to solve the 
Schrödinger equation associated with quantum confine-
ment of the electron restricted to move in so small spa-
tial dimensions, thence their predictions about luminescent 
phenomenon are limited. Considering this important fact, 
we hope that an analysis of this phenomnon made from 
the view point of composition and molecular structures can 
significantly contribute to a better knowledge of luminesce 
in SRO considered as an arrangement of Si-NCs   embed-
ded in oxide matrices.The aim of this work is focused on 
theoretical predictions about PL, FTIR and energy gaps Eg 
of SRO thin films based on DFT method and the GRM. We 
make correlations with experimental results provided by 
measurements from SRO thin films obtained experimen-
tally by Hot Filament Chemical Vapor Deposition (HFCVD) 
technique. Besides, by using the GRM and the DFT meth-
od we simulate nanoclusters of type SinOn with 5<=n<=18  
which may be found in SRO films in order to study their 
optical properties as well as their atomic structures which 

give information about geometrical arrangements and their 
evolution with temperature effects. Comparisons with ex-
perimental results are made in order to point out that our 
theoretical predictions have contributed to understand in 
depth the origin of underlying luminescent mechanism in 
SRO nanostructures.

This paper is organized as follows. Section 2 presents the 
GRM, Section 3 presents results about theoretical predic-
tions and comparisons with experimental results and Sec-
tion 4 presents the main conclusions.

2. Global Reactions Model (GRM)
In this section we present a new mode which considers the 
compulsory Global and Partial Reaction(s) which are neces-
sary to generate the oxide matrices (SiO2, Si2O3, SiO and 
Si2O ) the annealingreactions for explaining the composi-
tional changes before and after the thermal treatment and 
consequently the changes in luminescence spectra inten-
sity and a set of secondary reactions of the oxide matrices 
with the hydrogen produced to obtain the ions that could 
be associated to the emission in SRO thin films with specif-
ic defects.When SRO is prepared by LPCVD, a gas mixture 
of   and   is habitually used , and the excess Si content 
can be modified by the gas flow ratio  . The silicon ex-
cess can be as high as 17% for Ro=3 ; and experimentally 
stoichiometric   (a non-free silicon film) can be obtained for 
Ro>=50  .Theoretically,  corresponds to the stoichiometric 
silica, when a mixture silane-nitrogen 5 at% is used. Ex-
perimentally, there is enough evidence that SRO thin films 
are constituted by a silicon oxides mixture and not only by 
one of them, independently of the value of  . We can es-
tablish the global reactions of the chemical combination of 
, and  which generates the theoreticalcomposition of SRO 
given by

2 2 3

2

(1 ) / (4 ), (1 ) / (4 ), (1 ) / (4 ),
(1 ) / (4 ), ( 2 2 ) / (4 ),

SiO x z v Si O v z v SiO y z v
Si O z z v Si x y z v z v

= − + + = − + + = − + +

= − + + = + + + + +

Where the parameters   satisfy the conditions  and . 

When SRO thin films are annealed, some oxides are de-
graded. The plausible “annealingreactions” proposed are:

Double arrow stands for denoting equilibrium condition, ξ 
and ξ^' are the progress of the annealingreactions. The ex-
tent of progress of reaction is defined as the ratio between 
the total change in the number of moles of a species and 
their stoichiometric coefficients.

As is known, a mole of any substance contains the number 
of atoms equal to the Avogadro's number,  . In order to 
perform first-principles calculations, the problem must be 
modeled with a maximum of 100 atoms, consequently the 
oxidesmust be rewritten in terms of the number of atoms, 
i.e.: Si02n, Si2n03n, Sin0n, Si2n0n.The hydrogen gaseous can reac-
taccording to
                                   .

The hydrogen ion formed, in turn, reacts with the silicon 

oxides to form ions such as, 2
2 2[ ] ,[ ]n n n nSi O H Si O H+ +   , etc. Dur-

ing heat treatmentthe reactions produce a dehydration of 
these cations, resulting in the formation of new ones, for 
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example, 2 2
2 2 2 1 2[ ] [ ]n n n nSi O H Si O H O+ +

− + ↑€    and so on. Finally, the 
moieties obtained from these reactions result as: 

These anions formed are different oxides matrices contain-
ing vacancies or defects of silicon which may or not be 
present in the films of SRO.
3. Results and discussion 
3.1Theoretical measurement of band gapsEg for   thin 
filmsconsidering the presence of  structures and com-
parisons with experimental values.
We display and discuss the results employing DFTfor eval-
uating theoretically structures type Sin0n , where  is the 
number of silicon atoms. The GRM already discussed is 
employed to explain the physical microscopic structure of 
SRO thin films regardless of the technique used to obtain 
the SRO structure since we are only interested in its mo-
lecular composition and atomic arrangement.

We begin by taking Si0x films obtained by HFCVD tech-
nique from our experimental group (results not even pub-
lished).The approximate experimental values of the energy 
band gap  are obtained by the relationship known as Tauc 
plot as shown in Figure 1. The methodology for obtaining 
the Eg has been described in a previous work . It is found 
that Eg decreases when the substrate temperatureis raised. 
The band gap of the   films lies in the range of 1.8-2.5 eV. 
When  decreases out from 2.0 in  (amorphous oxide), the 
valence band edge moves up, as the increased Si–Si bond 
states are gradually overlapped with the Oxygen Non-
bonding States (ONS), and finally spread out into the Si 
valence band. Simultaneously, the conduction band edge 
also moves down, giving rise the band gap decreases non-
linearly when increasing continually the Si concentration. 

 
(a

(b)
Figure 1.Determination of Eg for a filmby making use 
of the relationship known as Tauc plot.[α(hυ)]1/3 versus 
energy (hυ) for two temperatures(a)Tg =1020°C and (b) 
Tg=1150°C.
In Figure 1, we observe that making an extrapolation 
through the straight line according to Tauc procedure, we 
obtain the approximated bang gaps which have values 
of 1.95eV (upper part) and 2.15 eV (lower part). At first 
glance, the variations of Eg are originated by the differ-
ence in temperatures then it gives rise that Eg reduces as 
temperature increases. These two experimental values of 
Eg fit well with those obtained theoretically using DFT as 
shown in Table 1 which displays results for structures type 
Sin0n.

Table 1. HOMO, LUMO and HOMO-LUMO Gap calcu-
lated using DFT for  structures with .

 
We have seen that   thin films, deposited at , resulted with 
a bang gap of 1.95 eV, calculated using Tauc technique. 
Now, by observing Table 1, we can correlate two possible 
theoretical values either   corresponding to Si8O8 molecule 
or   corresponding to Si16O16 one, existing the possibility 
of a mixture of them. On the other hand,  film deposited 
at 1150°C correspond to an approximated experi-mental 
bandgap of 2.15 eV which correlates well with a theoreti-
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calvalue of   associated to Si9O9 molecule in accordance 
with Table 1.

3.2 Theoretical PL spectra of the  thin films and com-
parisons with experimental results.
Now, we proceed to our analysis in relationship to PLphe-
nomenon.We show the results of the evaluation of structur-
al and optical properties for a wide set of moieties, seem-
ingly found in SRO.DFT results predict emission in visible 
region for molecules with a number of atoms less than 14 
silicon ones. Results obtained in this research predict lu-
minescence in visible region for just about half calculated 
structures, especially for   silicon atoms, while large struc-
tures with   display luminescence in ultraviolet region.

Inspecting, in Figure 2, the experimenta IPL spectrum 
measured from the  filmas grown at  , we locate two emis-
sion bands both covering a wide spectral range from 380 
to 750 nm (from violet tored). 

Figure 2.Experimental PL spectrumfrom a   film grown 
at 900 °C.
 
The left bandwith a wide peak around 440 nm while the 
right one peak around 548 nm as can be confirmed by 
de-convolution curves. After making a further annealingto 
the same   film, the PL spectrum (Figure 4) displays two 
main bands, one is the A band which lies in the violet-
blue range (380-495 nm) peaked at 405nm with a relatively 
weak PL in-tensity. The other band is the B one which lies 
in the orange-near infrared range (590-875 nm),this band 
shows a strong intensity and two main peaks, one located 
at 749nm and other at 820nm as confirmed again by de-
convolution curves.

Looking at Figure 2 and Figure 4 and making comparisons 
between them, we infer thatthe PLintensity decreases after 
thermal annealing  due to the PL intensity is lower after 
a fur-ther annealing. According to this result, we conclude 
that annealing process stimulates the formation of crystal-
line silicon (c-Si) as well as the formation of defects both 
contributingto the PL emission. For this reason the PL 
spectrumshifts to the red region.

Figure 3. TheoreticalPLspectrumcalculated for Si16O16 
structure. 
 
Units on the horizontal axis are (nm)´s. 

This spectrum is correlated with the experimental one of 
Figure 2.

With regard to the theoretical PL spectrum, Figure 3 ex-
hibits this one, for the  films grown at  , that was calcu-
lated considering the arrangement of a Si16O16 molecule 
With this molecular structure, we obtained the PL spectrum 
which has two remarkable peaks, one of them located at 
471 nm with the highest intensity and the other has two 
located peaks closer at 549.8 and 556 nm. Besides, it was 
also found an excited state at 683 nm, but its intensity is 
too negligible or non-detectable.
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Figure 4.Experimental PLspectrumfrom a   filmafter a 
further annealing.

 
Figure 5. Theoretical PLspectrumcorrelated to the ex-
perimentalone of Figure 4 in-cluding the annealingef-
fects. This spectrum is reproduced by means of consid-
ering the small molecule type Si6O6.
 
To complement the study of the PL spectrum including 
annealing effects, in Figure 5 we display results for the 
theoreticalPL spectrum calculated by considering  a small 
molecule type Si6O6.With this molecular structure we pre-
dicted excited states emitting in the region  from 393.78 
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to 415.59 nm in addition to a region peaked at 772.8nm 
which corresponds approx imately to the left side of the 
wide shoulder observed in the experimentalspectrum dis-
played in Figure 4 where the de-convolution curve points 
out a peak at 749 nm. We emphasize that in this theoreti-
cal spectrum is not clear the presence of the peak at 820 
nm found in the experimental PL spectrum. 

In relation to the study of the configuration of the molecu-
lar structure, we present in Figure 6 the two structures cor-
responding to the case of the  film as grown at (top plot) 
and after a further annealing (bottom plot), both structures 
correspond to Si16O16 molecule. The structure at the top 
of the figure consists of 16 hydrogen atoms linked to 8 sili-
con atoms with tetra valences forming the Si16O16:H16 
arrangement. On the other hand, in the bottom we dis-
play the Si16O16 molecule after annealing. It could be de-
scribed as a set of seven rings constituted of three mem-
ber’s mini rings each one with two bonds Si-O and a third 
link Si-Si. There are four mini rings with a semicircular ar-
rangement and the rest is in orthogonal position.

(a)

(b)
Figure 6. Molecular Structure suggested for the  film (a) 
Si16O16:H16, as grown at  (b) Si16O16 after a further 
annealing.

Regarding the molecular structure proposed for molecule   
(as grown) it is represented atthe top of Figure 7, where-
as at the bottom we localize the corresponding molecule  
after a further annealing. This molecule was proposed for 
modeling the film after being annealed at 900°C. The 
structure of this molecule consists only of three mini-
rings,two of which are three member rings with two Si-O 
bonds and one Si-Si bond. The third ring has four silicon 
atoms with two Si-O bonds and a Si-Si-Si chain. Within the 
molecule as grown, that is , the six silicon atoms have tetra 
valence.

 

(a)

(b)
Figure 7. Molecular Structure proposed for modeling 
the   filmafter being an-nealed at 900°C: (a) As grown is 
type Si6O6:H8, (b) after annealed is type Si6O6.
 
We now deal with the situation where the growth temperatu-
reof   filmis increased. This implies that the molecular struc-
tureshould be modified giving rise another new one with 
different properties. In Figure 8 we display the experimental-
PLspectrummeasured from a  film as grown at temperature of 
1150°C.With the naked eyea wide bandis identified at right 
hand and approximately half wide band at left side. Through 
de-convolution curves of this spectrum,we can locate the 
positions of maxima of both bands. The half wide band is 
peaked around385 nm and the right band around 690 nm.

Comparatively by Figure 9 we can observe the correlated 
theoreticalPLspectrumcalculated for   molecule. With this mo-
lecular structure, we have predicted a PL spectrum hav-ing 
only two bands where the half left band possesses the high-
est intensity being peaked at 380 nm, and the other one with 
lower intensity and its maxima correspon to an excited state of 
emission at 699 nm. In this case, we did not look for triplets 
for   molecule, taking for granted that if they exist they would 
have a negligible intensity.

Furthermore, the molecular structuresuggested for   molecule 
is represented in Figure 10.Thetop structure corresponds to 
as grown molecule . In the arrangement of this structure we 
figure out that there are 12 hydrogen atoms joined to six 
silicon ones with tetra valence. The “backbone of this mol-
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ecule” is a silicon atom joined to four silicon atoms shaping a 
tetrahedral arrangement, with six mini rings constituted where 
five of them have four silicon atoms and two Si-O bonds 
each one and a Si-Si-Si chain. The sixth mini -ring has only 
one Si-O bond and a large silicon chain Si-Si-Si-Si.
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Figure 8.Experimental PL spectrum of a  filmas grown 
at 1150°C.

Figure 9 Correlated theoreticalPLspectrumof Figure 8. 
In this case the   filmis modeled with a molecular struc-
tureof type Si11O11 molecule.

(a)

(b)
Figure 10. Molecular Structure suggested. (a) as grown 
it corresponds to Si11O11:H12 arrangement, (b)After 
annealed the molecular arrangement is type Si11O11.
 
3.3 FTIRspectra of the   thin films
In order to get a more complete evaluation of the opti-
cal and structural properties of SRO, we now proceed to 
make a theoretical analysis of Fourier Transform Infrared 
(FTIR) spectroscopy. In practice, FTIR is a technique used 
for structural characterization of materials with which is 
possible to study atomic bonds between elements that 
are present in a given film.The various bonds are mani-
fested as different absorption bands which lie in differ-
ent wavelenght ranges.The position and shape of these 
bands are related to the densi-ty, stoichiometry and the 
nature of the bond primarily.The infrared energy causes 
vibrational motion of atoms in a molecule identified as 
rocking,stretching,wagging and bendingwhen they inter-
act with such energy.  A fraction of the incident radiation is 
absorbed at specific wavelengths. A molecule must vibrate 
so that there is a displacement from the electrical center 
and absorbed radiation in the infrared region, i.e., there 
must be a change in the dipole moment. 

In Figure 11,we display the experimental FTIR spectrum 
of afilmas grown at 900°C. According to Aydinly et al.they 
have associated these vibrational frequencies as indicate in 
Table 2. In such Table 2, we make comparisons between 
vibrational frequencies as found experimentally (Figure 11) 
and theoreticalfrequencies as obtained in this report when 
con-sidering a   molecule in addition to being identified 
with the different vibrational modes reported in literature. 
Particularly, the experimental frequencies at 654 cm-1 and 
875 cm-1, in Figure 11, have been associated as reported 
in literature to Si-H vibrational frequencies Comparing 
these latter frequencies with those found by our theoretical 
calcula-tions we find discrepancies sincewe observed from 
Table 2 that such theoretical frequencies which are attribut-
able to Si-H vibrational frequencies are located at 652 cm-1 
and 885 cm-1which are,in our case, due to Si-Siand Si-O 
bonds
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Figure 11.Experimental FTIR spectrum from a film as  
grown at 900°C.
 
Apart from discrepancies in their values between experi-
mental and theoretical frequencies, we also find differ-
ences between their associated intensities as is evident 
from Figure 12 at the top FTIRspectrum (a) when is com-
pared with Figure 11. Two very remarkable differ-ences in 
their intensities are found in peaks located at 875 cm-1 and 
1051 cm-1 in the expe-rimental FTIR spectrum and their 
correlated theoretical values located in Figure 12 (a) ap-
proximately at 885 cm-1 and 1058 cm-1, in fact, if we ob-
serve carefully theoretical and experimental intensities are 
inverted in magnitude. On the other hand, we stress that 
plot in Figure 12 (a) corresponds to a Gaussian curve fitted 
to FWHH=40, whereas plot in Figure 12(b) corresponds to 
a Gaussian curve fitted to FWHH=80. We can appreciate 
clearly that the difference in FWHH values gives rise that 
the peak at 1058 cm-1 in Figure (a) is trans-formed into 
a shoulder of the peak at 885 cm-1 as is shown in Figure 
12 (b). The effect of varying FWHH to higher values has 
brought as  a consequence that FTIR spectrum becomes 
more intense, Figure 12(b), it means physically as the   
filmwere thicker in addition to this FTIR spectrum resem-
bles more to the experimental one of Figure 11 although 
persists discrepancies in wavenumbers.

Table 2. Comparison of vibrational frequencies observed 
experimentally in a filmas grown at 900 °C vs. calculat-
ed FTIRspectrumfor a Si16O16 molecule.

 
Now, we consider important to study the influence of an-
nealingprocess on FTIR spectra. For this, we focus on a   
thin film deposited at 900°C with a further annealing, nor-
mally carried out in the (1100-1150)°C range. Figure 13 
displays the experimental FTIR spec-trumfor this sample. It 
is worthwhile to mention that after the films have been 
heat-treated (annealed), the FTIR spectrum peaks corre-
sponding or associated to Si-H vibrational frequencies dis-
appear. Also, the uppermost peak which corresponds to 
Si-O stretchingmode (1051 cm-1) is considerably shifted to 
higher frequencies (1082 cm-1) indicating a phase separa-
tion. It is possible then, for example, that a molecule like   
can be transformed in a smaller molecule like   or  (it de-
pends mainly on both time and annealing temperature. On 

the other hand,it has been reported that amorphous silicon 
(a-Si) as well as crystalline one (c-Si) could be identified by 
Raman spectroscopy . A broad bandaround ~ 480 cm-1 is 
typically associated to a-Si, while bulk silicon has a sharpin-
tensitypeakaround 521 cm-1. As to  , it is found that inten-
sity peaks are shifted to smaller wavenumbers where this 
change is a function of decreasing  size, this event has 
been extensively attributed to quantum confinement ef-
fects. For example, in Figure 14 which corresponds to a 
theoretical Raman spectrum that we have calculated for a  
molecule suggested, we can clearly identify frequencies at 
460 cm-1 and 508 cm-1 respectively.

Figure 12. Theoretical FTIRspectra calculated using 
DFT for a Si16O16 molecule. (a) Vibrational frequen-
cies found in this spectrum,when are correlated to 
those of Figure 11, show discrepancies.This plot corre-
sponds to a Gaussian curved fitted to FWHH=40 and 
(b) FWHH=80.

Figure 13. Experimental FTIR spectrum from a   thin 
film after a further annealing.
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Figure 14. Theoretical Raman spectrumcal culated for 
[Si11O11] configuration. We identify in the center of 
Figure the atomic structure and the left side inset dis-
plays the Orbital Energy in units of (eV).
 
We have explained previously that the molecule  has two 
chains, one is type Si-Si-Si and the other is a larger chain 
type Si-Si-Si-Si (tetragonal arrangement shape).

On the other hand,we evaluated four isomers for Si18 ag-
glomerates. These correspond to isomers identified as 
18A, 18B, 18C and 18D from which isomer 18D did not 
achieved convergence consequently information about it 
is not available. Table 3 contains information about isomer 
18A, B and C. We can appreciate that isomer 18C is not 
the most stable because it has the highest energy. Con-
trary, the isomer Si18A(18A) possesses the lowest energy 
(a difference of 0.96 eV as indicated in third column) by 
this reason is the most sta-ble of all. Other parameters of 
interest were calculated such as, the bandgap, the dipole 
moment, the polarizability and the ovality.

Withregard to  cluster, four low-lying isomers were considered. 
The elongated isomer 18A has the lowest-energy at the HF/6-
31G* level of theory. Moreover, the Isomer18A has its structure 
similar to the ground-state structure predicted by Rata et al. .It 
contains a magic-number-cluster  unit and a hexagonal chair 
unit. A slight structural perturbation to this  isomer followed by 
a geometry relaxation gives isomer 18 B with  symmetry. Both 
18B and 18C with  symmetry contain tri-capped-trigonal-prism 
unit and are also very viable in stability compared to 18A be-
cause of the calculated difference in energy was 0.92 and 0.96 
eV respectively. Isomer 18D is a new isomer with high symme-

try but relatively high energy. It is composed of two capped 
tetragonal anti-prisms, and we did not obtain convergence 
at HF/6-31G* level of theory for this isomer. We also observe 
from Table 3 the predicted wavelength of the highest emission 
intensity corresponding to each isomer under the following or-
der: 552.4 nm for 18A isomer, 692.8 nm for isomer 18B and 
1732.7 nm for isomer 18C.

We find out the information given in Figure 15. There, with 
the naked eye,we locate at the top of the figure the FTIR 
spectrum and at the bottom of the one the PL spectrum 
both cor-respond tosilicon agglomerate   (18C isomer)cal-
culated using DFT. In the PL spectrum is outstanding the 
appearance of the uppermost intensity peak predicted at 
679.9 nm according to our theoretical approach. Finally, 
we can see in the middle of Figure15 the suggested mo-
lecular structure corresponding to the isomer . Further-
more, the top graph in Figure 15 represents the FTIR spec-
trum of the isomer 18C, it presents the two most intense 
peaks at the vibrational frequencies around of 179 and 
262 cm-1 where we point out that two remaining calculated 
wavenumbers were imaginary. The three smallest peaks 
appear at frequencies around of 305, 390 and 434 cm-1.

Table.3 Parameters calculated for isomers Si18.
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