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Abstract
In this article, silicon wafers were thermal treated in air at temperatures from 800 to 1200°C. The
annealed samples were investigated using X-ray diffraction, FTIR and optical re ection spectroscopy.
Unique result obtained includes that, that Kubelk-Munk curves could be utilized to estimate the ratio of
oxidized silicon atoms. In addition, we found that these curves could provide information on the degree to
which the nanoparticle formation affects both the re ection spectra and the energy gap of the Si/SiO2
composites. On the other hand, it has been found that, the intensity of the silicon peak in XRD spectra is
proportional to the relative absorption coe cient of amorphous silicon oxide.

1. Introduction
The oxidation of silicon surfaces shows promising properties that have made them the focus of many
research groups [1–23], which have sought to employ various silicon oxidation techniques in the
fabrication of semiconductor devices. These oxidized layers can be used as a key ingredient in creating
many electronic devices such as, passivated contacts in silicon solar cells [1, 2], multi-junction quantum
well solar cells [7, 8], and barrier layer in silicon-based single and passivation of the
amorphous/crystalline Si (a-Si:H/c-Si) heterojunction [4–6], etc.
Thermal oxidation of silicon wafers occurs according to two different mechanisms. At high oxygen gas
pressures and low temperature SiO2 layer growth takes place (passive oxidation) according to the
reaction Si + O2 → SiO2 [24]. This oxidation method is suitable for industrial applications, although there
is no theoretical model that explains how the oxidation process occurs according to this method in the
case of ultrathin lms [25]. In the case of low oxygen gas pressures and high temperature, SiO is
desorbed in an etching process (active oxidation) according to the reaction 2Si + O2 → 2SiO. In this case,
the silicon surface remains free of oxide [24] with the possibility of formation of volatile SiO because of
high temperature SiO2/Si decomposition via the apparent reaction Si + SiO2 → 2SiO when the oxygen
pressure is low. In the other hand, the reoxidation reaction is also possible [24]. Silicon oxide
decomposition can be used to help obtain a clean silicon surface [26], but at the same time, the electrical
properties of silicon can be damaged because of this process. In fact, passive oxidation (formation of
SiO2), active oxidation (formation of SiO (gas)) and SiO2 decomposition are considered separately, with
the exception of the transition regime and the rst monolayer stage of passive oxidation where these
reactions are competitive. The transport of the silicon monoxide (SiO) into gas phase has been noticed
only during active oxidation and oxide decomposition processes in vacuum [24]. The processes of
decomposition and transition to the gas phase are important factors in determining the growth
mechanism of silicon oxide layers
In silicon oxide layers, silicon nanostructures may be present in the silicon oxide matrix. The, nucleation
of Si nanoparticles is induced by a high temperature during the oxidation process. Depending on the
deposition conditions and on the temperature and duration of the annealing processes, it is possible to
obtain crystalline or amorphous aggregates Si-nc with different sizes and distributions embedded into a
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SiOx matrix [27]. The presence of such nanoformations in the structure of silicon oxide greatly in uences
its overall electrical and optical properties.
In this work, we present the results of investigating the structural and optical properties of Si/SiO2
composites synthesized by thermal oxidation of silicon wafers, where we highlight the important effect of
the effect of thermally induced structural changes on the main features of the Kubelk-Munk curves.

2. Experimental
2.1. Sample preparation
Thoroughly cleaned Pure n-type Si(111) wafers (99.99%) were thermal treated in air at temperatures from
800 to 1200°C using an oven in order to oxidize the silicon atoms. Table 1 contains the thermal treatment
conditions for each sample.
Table 1
The thermal treatment conditions for each sample.
Sample code

Temperature

Thermal processing time (hr)

(○C)
A

-

-

B

800

4

C

900

4

D

1000

4

E

1100

4

F

1200

4

2.2. Sample characterization
The chemical composition of the samples was examined by using a FTIR spectrophotometer (JASCO4200) in the range 400–1300 cm− 1, with resolutions of 4 cm− 1. The crystallite structure of the lms was
measured by X-ray diffraction (XRD) using Philips Analytical X-Ray diffractometer employing a Cu Kα1 (
λ = 1.54060 Å) source. The optical re ection spectra were recorded with a UV–Vis spectrophotometer
(Cary 5000).

3. Results And Discussion
X-ray diffraction measurements were carried out on all prepared samples. The spectra did not show any
characteristic Bragg peaks for silicon oxide, indicating the amorphous structure of this oxide. Figure 1
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contains a sample of the XRD spectra that we obtained, which is related to the sample annealed at 1200 °
C (sample F). In all measured XRD spectra, the sharp peak is related to Si (111) (CSM card no. 65-1060).
Figure 2 shows the infrared vibrations observed in the FTIR spectra of the annealed samples. The broad
and intense band at 997–1142 cm− 1 and the peak at 640 cm− 1 are attributed to the Si-O-Si stretching
vibrations [28]. The peak observed at 813 cm− 1 is assigned to Si-O-Si bending vibrations [28, 29]. The
absorption peak at 461 cm− 1 is due to Si-O-Si rocking vibrations [28]. The weak band located at 419 cm−
1

and the peak at 619 cm− 1 could be originated from Si-O pounds [28]. The shoulder at 1190 cm− 1

appears due to a splitting of longitudinal optical and transverse optical stretching motions [30].
We notice that, for all peaks, the intensity increases with increasing oxidation temperature, indicating that
the oxidation rate increases with increasing temperature.
Figure 3 shows the re ectance spectra of the prepared samples.
We notice that, the spectra are overlapping and the effect of annealing on the re ectivity is not carried out
in a speci c direction and that for most wavelengths the value of the re ectivity does not exceed the
re ectivity in the case of the non-annealed sample. On the other hand, despite the tendency of re ectivity
to decrease with increasing wavelength, the decrease associated with the appearance of two peaks in the
range λ < 400 nm in all spectra and these peaks are a result of the interaction of light with silicon
nanoparticles plasmons. The appearance of two plasma edges in each spectrum is due to the
nanoparticles having two different sizes [31, 32]. In addition to the mentioned plasma absorption edges,
we observe three additional edges in the range λ > 400 nm in the spectra D (at 600 nm), E (at 405 nm) and
F (at 516 nm). We believe that these edges are a consequence of defects in the silicon oxide structure
caused by the phenomena of splitting of longitudinal optical and transverse optical stretching motions of
the bonds Si – O - Si, which was observed during the analysis of the FIR spectra (Fig. 2).
It is known that, samples with plasma edges with short wavelengths have high concentrations of charge
carriers [31, 32]. By applying this rule to Fig. 4 that illustrates the position of each plasma edge as a
function of annealing temperature, we conclude that plasma edge 1 in all spectra represents the case of
Si nanoparticles with high charge carrier concentration.
Because the prepared lms were opaque, we calculated the optical energy band gap from the re ectance
spectra using Kubelk-Munk method [33, 34]. Figure 5 shows the method of calculating the energy band
for each sample. In this gure, F(R) is a function of the re ectivity R at the wavelength λ. This function
represents the absorption coe cient and given by the formula [33, 34]:
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The optical energy band gap (Eg) was calculated by assuming direct transitions between the valence
band and the conduction band.
We observe that there are multiple absorption edges in each spectrum (more than one energy band gap).
The non-annealed sample (sample A) spectrum contains three absorption edges, one of them belonging
to the silicon and the others belonging to the nanoparticles. These edges appear in the rest of the
samples, despite the occurrence of oxidation processes. The absorption edge of silicon oxide appears in
all spectra of the annealed samples except for the curve of sample B. However, an absorption peak of
silicon oxide can be observed in sample B curve in Fig. 6, which shows the absorption coe cient as a
function of the wavelength for each sample. This result indicates that the oxide molecules in sample B do
not form a continuous coherent structure. On the other hand, the appearance of the silicon absorption
edge in all spectra in Figs. 5 and 6 can be explained by the lack of a complete oxidation of the sample
surface during the thermal treatment.
The presence of the absorption edge of both silicon and silicon oxide helps to detect the degree of
oxidation by comparing the values of the absorption coe cients at wavelength maxima both silicon and
silicon oxide. Since the oxide layer does not have the same thickness in every sample, it is necessary to
adopt the relative absorption coe cient, which equals the ratio between the absorption coe cient of the
silicon oxide and the absorption coe cient of the silicon (αoxide = F(R)Si/ F(R)oxide. Figure 7 represents the
relative absorption coe cient as a function of the annealing temperature.
In this gure, the oxidation rate appears to increase with increasing annealing temperature within the
region 800–1000 ○C. The annealing at 1100 ○C causes a sharp decrease in the αoxide parameter value.
Conversely, the annealing at 1200 ○C leads to an increase in this parameter value. The reason for the
decrease in both the absorption coe cient and the relative absorption coe cient of silicon oxide in the
case of sample E is the presence of the edge that resulting from the defects in the silicon oxide structure
(Fig. 3) near the edge of the silicon oxide (Fig. 6).
We mentioned that the silicon oxide formed due to oxidation processes is not amorphous; although it can
be guessed that the oxide layer formed on the surface of the silicon wafer affects some of the
characteristics of the silicon peak that appear in the XRD spectra. Figure 8 illustrates the XRD silicon
(111) peak as a function of the coe cient αoxide.
We notice that, with the exception of sample A that has low oxygen content, the intensity of the silicon
peak increases linearly with increasing the relative absorption coe cient. This result is important
because it attributes the decrease in the intensity of the silicon peak in the XRD spectra to an increase in
the surface oxidation rate.
Figure 9 shows the optical band gap of silicon oxide as a function of annealing temperature. We notice
that the band gap increases with increasing annealing temperature in the range 800–1000 ○C. Once
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moving to the region of samples with a stressed silicon oxide structure (1100–1200 ○C), the band gap
begins to decrease with the increase in the annealing temperature.
Figure 10 shows the optical band gap of silicon as a function of annealing temperature. We notice that
the band gap of silicon also increases with increasing annealing temperature in the range 800–1100 ○C.
We also notice that, increasing the annealing temperature to 1200○C decreases the energy gap value.
It is important to assess the effect of the formation of nanoparticles on the optical properties of the
prepared samples. For this purpose, we de ned the relative absorption coe cients of the nanoparticles
observed in the Figs. 5 and 6, in a manner similar to the de nition of the relative absorption coe cient of
silicon oxide. Figure 11 illustrates the relative absorption coe cients of the nanoparticles as a function of
the annealing temperature.
We notice that, the effect of the formation of nanoparticles on the absorption coe cient is evident in the
case of the sample C and to a lesser extent in the case of the sample E.

4. Conclusions
In this work, pure n-type Silicon (111) wafers were thermal treated at different annealing temperatures.
Annealing processes were performed in the air using an oven. The effect of temperature on XRD and
re ectance spectra of the prepared lms was studied. The results obtained included the following:
The edges observed in the re ection spectra are attributed to both the silicon nanoparticles
plasmons and the phenomena of splitting of longitudinal optical and transverse optical stretching
motions of the bonds Si – O – Si.
There are multiple absorption edges in each Kubelk-Munk curve (more than one energy band gap).
These edges are located in the absorption domains of silicon, amorphous silicon oxide and silicon
nanoparticles (two edges).
The annealing at 1000 ○C for four hours provides almost complete oxidation.
The presence of the absorption edge of both silicon and silicon oxide helps to detect the degree of
oxidation by comparing the values of the absorption coe cients at wavelength maxima both silicon
and silicon oxide.
The intensity of the silicon peak increases linearly with increasing the relative absorption coe cient.
The effect of the formation of nanoparticles on the absorption coe cient is evident in the case of
the sample C and to a lesser extent in the case of the sample E.
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