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Not long ago, we developed a theoretical model to describe a set of chemical reactions that can potentially occur during the process
of obtaining Silicon Rich Oxide (SRO) films, an off stoichiometry material, notwithstanding the technique used to grow such films.
In order to elucidate the physical chemistry properties of such material, we suggested the chemical reactions that occur during the
process of growing of SRO films in particular for the case of the Low Pressure Chemical Vapor Deposition (LPCVD) technique
in the aforementioned model. The present paper represents a step further with respect to the previous (published) work, since it
is dedicated to the calculation by Density Functional Theory (DFT) of the optical and electronic properties of the as-grown and
annealed SRO structures theoretically predicted on the basis of the previous work. In this work, we suggest and evaluate either
some types of molecules or resulting nanostructures and we predict theoretically, by applying the DFT, the contribution that they
may have to the phenomenon of luminescence (PL), which is experimentally measured in SRO films. We evaluated the optical and
electronic properties of both the as-grown and the annealed structures.

1. Introduction

SRO thin films have been studied lengthily and are very fas-
cinating due to their optoelectronic properties, particularly
those related with luminescence. In general, the luminescent
properties can provide significant information regarding the
crystalline structure of a material and, in the case of SRO
thin films, their luminescence properties are considered of
great importance since these films can be used to fabricate
luminescent devices [1].

When SRO thin films are annealed, the oxides are
degraded. For example, for SiO

2
and Si

2
O
3
the believable

annealing reactions were proposed by Espinosa-Torres [2],
although the possibility that other oxides could be formed
during the deposition process exists.

A well-known fact, as reported in scientific works, is
that SRO films can be obtained, among other techniques, by
using the LPCVD technique employing silane and nitrous
oxide as precursory gases.The key effect of thermal treatment

consists in the development of structural transformations
due to elimination of oxygen and hydrogen atoms, which
leads as final result to the formation of small agglomerates
of silicon atoms and defects due to the vacancies of oxygen
atoms. It is worth noting that the as-grown SRO films could
contain substoichiometric oxides and nanoparticles of silicon
(Si-nps). Fourier Transform Infrared (FTIR) measurements
evidenced that thermal annealing results in a phase sepa-
ration and then Si-nps embedded in stoichiometric oxide
matrix are produced [3]. However, to date there is no clear
explanation on the increase of photoluminescence after the
heat treatment in films SiOx obtained experimentally.The PL
has been linked to the formation of silicon nanocrystals or to
defects formed in the matrix and interface SiOx-Si-ncs. As a
consequence, this is a clear motivation for this simulation in
order to try to discern which of these phenomena contributes
to the PL emission. Therefore these theoretical calculations
are intended tomodel the behavior of the structures proposed
to approximate their FTIR spectra, PL, and UV-Vis to the
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Table 1: Comparison of experimental results versus theoretical calculations. Energy of the optical bang gap obtained experimentally by Tauc’s
method for SRO films with different Ro values and times of thermal treatment.

Band gap, (eV)
Annealed at 1100∘C

(experimental results) Theoretical results

Ro 30min 60min 180min Structure Calculated band gap, (eV)

10 2.4 ± 0.04 2.4 ± 0.02 2.43 ± 0.04
Si
11
O
11
:H
12
(completely hydrogen

saturated structure or as-grown
structure)

5.766

20 3.57 ± 0.03 3.6 ± 0.06 3.69 ± 0.03 Si
11
O
11
(fully annealed structure) 2.709

30 3.73 ± 0.06 3.86 ± 0.04 3.89 ± 0.04

Si
14
O
14
:H
12

5.221
Si
14
O
14
:H
10

4.656
Si
14
O
14
:H
8

4.611
Si
14
O
14
:H
6

4.495
Si
14
O
14
:H
4

4.404
Si
14
O
14
(fully annealed structure) 3.256

spectra obtained experimentally in order to understand,
which are the physical processes that allow us to explain the
observed PL.

In this research, we employed the Density Functional
Theory with a functional B3LYP and a basis set 6–31 G∗
to calculate the optical and electronic properties of Si

𝑛
O
𝑛

and Si
𝑛
O
𝑛
:H
𝑥
nanostructures with the aim of contributing

to a better understanding of the luminescent phenomena
observed in the SRO thin films. In a previous published work
[4], we have already modeled different silicon nanoclusters,
so in the present paper we only focus on the Si

𝑛
O
𝑛
oxide

structures.

2. Results and Discussion

2.1. Band Gap Calculations. There are different factors that
have an important influence on the optical properties of the
SRO films. Factors such as the support substrate type, silicon
excess, annealing temperatures, time of thermal treatment,
and composition at deposition moment and subsequent
transformations are very important factors which play an
important role to determine the optical properties of the
SRO films. Particularly, PL of samples deposited by LPCVD
also depends on the partial pressure ratio between N

2
O and

SiH
4
defined as Ro = [N

2
O/SiH

4
] and thermal annealing

conditions [5].
In Table 1 we present our results for theoretically cal-

culated values of band gaps for the structures Si
11
O
11
H
12
,

Si
11
O
11
, Si
14
O
14
, and Si

14
O
14
H
𝑚
(𝑚 = 12, 10, 8, 6, and 4). We

consider that Si
11
O
11
and Si

14
O
14
refer to the fully annealed

oxides, whereas Si
11
O
11
H
12

and Si
14
O
14
H
12

refer to the as-
grown oxides. In Table 1, the experimental values of band
gaps obtained in [5] for the SRO with different Ro and
different times of annealing at 1200∘C are presented. The
experimental values were obtained by Taucmethod proposed
for amorphousmaterials. In general, for the annealing time of
180min, the SRO films could be considered as fully annealed
(dehydrogenated). As one can see, the calculated values for
Si
11
O
11
and Si

14
O
14
lie in the interval of experimental values

for the annealed SRO. Moreover, the calculated value of band
gap for Si

14
O
14
is greater than that for Si

11
O
11
. It is probable

that in the annealed SRO with Ro ≥ 20 [5] (see Table 1) the
number of Si or O atoms in the Si

𝑛
O
𝑛
structure is greater than

16.

2.2. FTIR and PL Calculations. The FTIR and PL spectra
given in Figure 1 are the first results obtained of our numerical
simulations for atomic structures of the type Si

𝑛
O
𝑛
:H
𝑚
. In

the right side of Figure 1, we display the calculated molecular
structure, considered as-grown, for Si

11
O
11
:H
12
(a) and in (b)

the new structure, that is, when it has been fully annealed:
Si
11
O
11
. The most remarkable difference is observed in the

correspondent FTIR (top of both figures). The as-grown
structure displays vibrational frequencies due to Si-H bonds
in a frequency of 2281.404 cm−1 and the structure after
annealing process does not exhibit any vibration around this
frequency. Also, in Figure 1 we can observe that the structure
as-grown (Si

11
O
11
:H
12
) emits energy in the violet region

(Figure 1(a)), while the corresponding annealed structure,
displayed on Figure 1(b), which corresponds with PL spec-
trum for Si

11
O
11
), is also able to emit light in visible region.

Also, in Figure 1 are displayed the corresponding
structures for Si

11
O
11
:H
12

and Si
11
O
11
. For the structure

Si
11
O
11
:H
12

we have incorporated the electrostatic poten-
tial map (an electrophilic indicator) for an isovalue of
−83.68KJ/mol, and we have labeled the silicon, oxygen,
and hydrogen atoms. This gives the electrostatic potential at
locations on a particular surface, most commonly a surface
of electron density corresponding to overall molecular size
[6], whereas, for the Si

11
O
11
structure, we have included the

Local Ionization Potential Map (LIPM) for an isovalue of 20
(without units or dimensionless). LPIM reflects the relative
straightforwardness of electron removal (“ionization”) at any
location around a molecule. The numbers near the different
atoms in the structure Si

11
O
11

are the calculated Mulliken
charges.

FTIR vibrations modes and their corresponding fre-
quency of vibrations in the as-deposited and after annealed
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Figure 1: (a) Molecular structure with eleven silicon atoms Si
11
O
11
:H
12
(as-grown), UV/Vis spectrum with only one luminescence peak in

UV region and IR spectrum with a peak due to Si-H bond; (b) fully annealed Si
11
O
11
molecular nanostructure, UV-Vis spectrum displaying

luminescence in two regions (UV and visible) and IR spectrum without peak owing to Si-H bond.

SRO films, considering silica and SRO films with different
values of Ro, are consigned in literature [2]. The values com-
monly found are Si-O rocking 458–450 cm−1, Si-O bending
815–805 cm−1, Si-O stretching on phase 1061–1082 cm−1, and
Si-O stretching out of phase 1160–1185 cm−1.

The three most intense peaks in the calculated FTIR
spectra of as-grown structure correspond with frequencies
of 962.355, 995.002, and 1067.44 cm−1. It was found that the
total number of calculated vibrations for as-grown structure
was 96 different modes. The last one value of frequency
calculated (1067.44 cm−1) fits well with experimental data
previously reported for Si-O stretching on phase, whereas
for the annealed structure the three most intense peaks
calculated were 930.909, 990.752, and 1012.774 cm−1 and
there are only 60 frequencies of vibration (there are no longer
Si-H bonds). These results obtained suggest that SRO films
experimentally annealed were not completely passivated.

The calculated proposal includes structures type Si
11
O
11
,

which contain twelve Si-Si bonds. The annealed structure
Si
11
O
11
gives us a frequency of vibration at 669.029 cm−1 and

we confirm that it is due to Si-Si bonds. Again, these results
have a good correlation with experimental results earlier
reported for Ro = 30 [7, 8]. With respect to as-grown and

thermally treated PL calculated spectra, we predict lumines-
cence in ultraviolet region in 251.34 nm in only one band
for the film originally deposited. When the nanostructure is
fully passivated, this band moves or shifts to 377.58 nm (yet
in ultraviolet) and a second band of emission centered at
699.24 nm appears, giving a red emission.

Emission in red region has been evidenced experimen-
tally for SROfilmswith Ro= 10, 20, and 30, but themovement
of the band into ultraviolet region has not been noticed or
it has not yet been reported, probably due to the interest
focused on only in emission in visible region.

Figure 2 displays the calculated FTIR spectra for different
silicon oxide clusters size for structures fully annealed (dehy-
drogenated) Si

𝑛
O
𝑛
for 𝑛 = 5, 11, 14, 16, 17, and 19. We have

constructed the Gaussian type curves with FWHH = 20 nm
and selected the scale from 300 to 1500 cm−1 (there are not
any data calculated beyond this interval). For the intensities
we choose a scale of 0–4000 in arbitrary units for all the
cases presented in Figure 2. Only in the spectrum which
corresponds with 𝑛 = 16 we predicted the Si-O rocking type
vibrations in interval from 417 to 429 cm−1 and it has a quite
small intensity. A probable explanation for this fact is that
Si-O rocking type vibration observed experimentally could
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Figure 2: FTIR spectra calculated for Si
𝑛
O
𝑛
(fully annealed structures), varying the number of silicon atoms for 𝑛 = 5, 11, 14, 16, 17, and 19.

be due to other kinds of oxides existing in SRO thin films,
like SiO

2
and Si

2
O
3
[9].

The intensity of the frequencies of vibration for bonds
Si-O is increased accordingly as the number of silicon atoms
is increased in the agglomerates studied. The vibrations
calculated, during the numerical simulations, for bending
type Si-O bond were predicted in the interval from 751 to
840 cm−1 as follows: 𝑛 = 5 (806), 𝑛 = 11 (840), 𝑛 = 14 (751),
𝑛 = 16 (794), 𝑛 = 17 (821), and 𝑛 = 19 (833). Some of these
vibrations have a quite small intensity and they are not visible
to the naked eye.

For the second stage of this study, we choose a bigger
structure (Si

14
O
14
) but maintaining the Si/O ratio. Figure 2

corresponds with as-grown case. The analysis and discussion
are similar to the structure shown in the first stage of
this study, and as relevant results we found that there are
only small variations in the values calculated; for example,
the frequency vibration due to Si-H bond appears in the
frequency interval from 2262.084 to 2307.217 cm−1, being the
most intense at 2265.384 cm−1. Of course, in the cited interval
there are twelve calculated vibrations due to Si-H bond.
Only in the structure which corresponds with fully annealed
condition the vibration due to Si-H vanishes completely.

In Figures 3–8 we present results of an evolution in the
structure assuming the constant loss of pairs of hydrogen
atoms. The points drawn outside of the curves in FTIR and
PL spectra in Figures 3–8 correspond with the vibrational
frequencies calculated and the points displayed in PL spectra
are the wavelength of calculated emission states. Then the
curves correspondwith the predicted observable spectra.The
points calculated for the frequencies of vibration in FTIR
spectra and the wavelengths of emission in PL spectra, being
in close proximity, add constructively. As a result of the
foregoing, an increase in the intensity of the spectra will be
observed. Therefore the solid line in the resulting spectra
observed will not always cross the calculated points. The
width of the peaks in the spectra of vibration and width of the
luminescent bands will depend on the thickness of the SRO
films.

Numerical data are consigned inTable 2.We predict again
the shift of the ultraviolet band. For structures type Si

14
O
14

we confirm that there is only one band which resembles
two bands overlapped. The results predict emission in a
wide range from violet to orange color. Experimentally, the
luminescence in this range has been reported due to cathode
luminescence in SRO films (see Figure 8 of [10]) for as-
grown and annealed films, mainly for Ro = 20 and 30, when
an energy excitation of 5 keV and 0.3mA current was used
[9]. Additionally, the interested audience in experimental
emission of as-grown SRO films with Ro = 30 is motivated
to review [11].

Data in Table 2, for wavelength with the highest intensity
of emission (nm) in UV-Vis spectrum, fits exactly with the
next quadratic equation:

𝜆 = 4.9542𝑛
2
− 51.442𝑛 + 444.4. (1)

With 𝑅2 = 1, in this equation 𝜆 is the highest intensity of
emission (nm) and 𝑛 is the number of hydrogen atoms in the
structure.

Unfortunately, it is not easy to give an acceptable expla-
nation of this finding in this moment, because there are
necessary additional studies of the kinetic of set of reactions,
and experimentally it is not possible to isolate only one
reaction during the deposition process.

Regarding Figure 8, Si
14
O
14

displays a wide emission
range, which looks like two bands overlapped. Theoretically
it is possible to model the thickness of SRO samples varying
the FWHH and in this way we can obtain a separated two-
band spectrum. In our simulations, we apply the FWHH
value which corresponds to experimental samples typically
found in the literature in which usually PL spectrum with
a single band is reported. Then, our calculations predict the
possibility of newmechanisms for emission in SRO thin films
with an “extreme dwarf thickness.”

The experimental FTIR absorption spectra of as-grown
and thermally treated SRO films with different silicon excess
that are shown in Figure 9were adapted fromEspinosa-Torres
[2]. The original interval for experimental data displayed
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in Figure 9 ranges from 500 to 2000 cm−1 and the plot is
extended up to 2125 cm−1, but there is not any data beyond,

which means that no experimental data were reported in
the cited reference for the Si-H bond. The spectrum of
the thermal SiO

2
structure is also shown as a reference in

curve 1. These spectra show the absorption peaks associated
with stretching (1084 cm−1), bending (812 cm−1), and rocking
(458 cm−1) vibration modes of the Si-O-Si bonds in SiO

2

[10, 12, 13]. The position of the stretching absorption peak
changes with the Ro value and with thermal treatments. In
Figure 9, the abbreviationTT is employed to describe thermal
treatment and AG refers to as-grown.

Despite the structural shape of the molecular structures
shown in Figures 3–8, the structures are not quite different
between them, except for the number of hydrogen atoms
introduced. Intentionally the structures were rotated to give
to the reader the best perspective of the atomic arrangement.

In this report, we have theoretically predicted a shift of
the Si-O stretching on phase vibration peak toward higher
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Table 2: Calculated optical properties for structures type Si
14
O
14
:H
𝑛
.

Reference Structure
Wavelength with the

highest intensity emission
(nm) in UV-Vis spectrum

Frequency peak with the
highest intensity cm−1 (due to
Si-O bonds) in FTIR spectrum

Frequency due to Si-H bonds cm−1
(only peaks with the highest intensities

in FTIR spectrum are shown)
Figure 3 Si

14
O
14
:H
12

268.7 934 2306
Figure 4 Si

14
O
14
:H
10

292.5 925 2300
Figure 5 Si

14
O
14
:H
8

303–306.2 926 2264 and 2306
Figure 6 Si

14
O
14
:H
6

314.1 922 2302
Figure 7 Si

14
O
14
:H
4

317.9 925 2271 and 2309
Figure 8 Si

14
O
14

444.4 996 It does not exist
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Figure 9: Experimental results for SRO films. The mismatched
values for the experimental and theoretical peak positions are
mainly attributed to the fact that reported experimental data are
a mixture of silicon oxides, known as SRO, and in this work we
only evaluated a single type of silicon oxide, namely, the (Si

𝑛
O
𝑛
)

structure. Adapted from Luna-López et al. [3].

energies accordingly as the number of hydrogen atoms is
reduced (Table 2). This shift is experimentally confirmed
by the experimental spectra reported in Figure 9, since the
thermal annealing treatment of the SROfilms produces a shift
of the peak corresponding to the Si-O stretching on phase
vibration toward higher energies, regardless of the Ro value
employed.

The Si-O stretching on phase vibration was predicted
to be positioned in the range from 934 to 996 cm−1, as the
number of H atoms reduces from 12 to zero in Si

14
O
14
:H
𝑥

structures. However, Luna-López et al. [3] find this peak
shifted to 1061–1088 cm−1 in the experimental spectra of SRO

films deposited with different values of Ro = 10, 20, and 30
(Table 1 of [3]).

3. Conclusions

In this work, we have applied the model known as the Global
Reaction Model in order to predict the theoretical lumines-
cent behavior of the as-grown and annealed nanostructured
Silicon Rich Oxide films where we have focused on the
presence of hydrogen atoms as the key factor. We evaluate
the PL spectrum of the as-grown SRO samples and also after
the annealing procedure inwhich such samples are submitted
and we have given evidence of the luminescent emission
in the visible region of electromagnetic spectra, when the
samples are fully dehydrogenated. Also, we calculated the
theoretical FTIR spectra for as-grown and for partially and
fully annealed structures. We have made comparisons of
the results, obtained in this research, with those obtained
experimentally, which have been reported in literature and
we have found evidence of a good agreement between
them. After making a comparison of the experimental and
calculated band gaps, PL, and FTIR spectra, it conducts us
to conclude that agglomerates type Si-O with a number of
silicon atoms of eleven and fourteen would be present in SRO
films deposited for 10 <Ro < 20. Finally, we can conclude that
SRO films as-deposited frequently are not fully saturated.
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