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Abstract
In this work, silicon wafers were thermal treated in air at temperatures varied in the range 800—1200 °C. The annealed 
samples were investigated using FTIR, X-ray diffraction, FTIR and optical reflection spectroscopy. The effect of annealing 
temperature on the (1000–1300) cm−1 band in FT-IR spectra of the prepared samples was investigated. The results showed 
that thermal oxidation at temperatures less than 1200 °C leads to enhance the phenomenon of the splitting of longitudinal 
optical and transverse optical stretching motions. This phenomenon was verified by observing the appearance of two over-
lapping peaks in the region (1000–1300) cm−1 in FT-IR spectra. The results also showed that the splitting process leads 
to the formation of defects in the crystal structure of silicon, which in turn leads to the formation of silicon nanoparticles.

Keywords  Silicon · Amorphous silicon oxide · FTIR · XRD · Oxidation · Silicon nanoparticles · FTIR · Longitudinal 
optical motions · Transverse optical stretching motions

1  Introduction

The oxidation of silicon surfaces shows promising proper-
ties that have made them the focus of many research groups 
[1–18], which have sought to employ various silicon oxida-
tion 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 con-
tacts 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 (pas-
sive oxidation) according to the reaction Si + O2 → SiO2 
[17]. This oxidation method is suitable for industrial appli-
cations. 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 [17] 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. On the 
other hand, the reoxidation reaction is also possible [17]. 
Silicon oxide decomposition can be used to help obtain a 
clean silicon surface [19], 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 oxida-
tion (formation of SiO (gas)) and SiO2 decomposition are 
considered separately, with the exception of the transition 
regime and the first 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 [17]. The processes of decomposition and transi-
tion to the gas phase are important factors in determining the 
growth mechanism of silicon oxide layers.

In silicon oxide layers, silicon nanostructures may be pre-
sent in the silicon oxide matrix. The, nucleation of Si nano-
particles is induced by a high temperature during the oxida-
tion 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 
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Si-nc with different sizes and distributions embedded into a 
SiOx matrix [20]. The presence of such nanoformations in 
the structure of silicon oxide greatly influences its overall 
electrical and optical properties.

In our previous work [21], we got important results 
include the possibility of using the thermal oxidation of 
silicon in air to obtain Si/SiOx composites with controlla-
ble optical properties suitable for application in the field 
of semiconductor device synthesis. On the other hand, we 
found that, the phenomena of splitting of transverse optical 
stretching and longitudinal optical vibrations effect on the 
optical absorption coefficient. In addition, we found that, 
the intensity of the XRD silicon peak is proportional to the 
relative absorption coefficient of amorphous SiOx. Our pre-
sent work is continuation of our previous work [21]. Here, 
we attempt to probe the possible effects of the phenomenon 
of the splitting of longitudinal optical and transverse opti-
cal stretching motions (observed in the infrared spectra of 
silicon oxide) on the optical and structural properties of the 
Si/SiOx composites.

2 � Experimental

2.1 � Sample Preparation

In order to prepare layers of silicon oxide on silicon sub-
strates we subjected thoroughly cleaned Pure n-type Si(111) 
wafers (99.99%) to thermal oxidation in air using a suitable 
furnace. This process leads to the surface oxidation of the 
silicon wafers, thus obtaining oxidized surface layers (thin 
films). Table 1 contains the thermal treatment conditions 
for each sample.

2.2 � Sample Characterization

The chemical composition of the samples was examined by 
using a FTIR spectrophotometer (JASCO- 4200) in the range 
400–1300 cm−1, with resolutions of 4 cm−1. The crystal-
lite structure of the films was measured by X-ray diffraction 

(XRD) using Philips Analytical  X-Ray diffractometer 
employing a Cu Kα1 (λ = 1.54060 Å) source. The optical 
reflection spectra were recorded with a UV–Vis spectropho-
tometer (Cary 5000).

3 � Results and Discussion

X-ray diffraction measurements were carried out on all pre-
pared samples. The spectra did not show any characteristic 
Bragg peaks for silicon oxide, indicating the amorphous 
structure of this oxide. Figure 1 contains a sample of the 
XRD spectra that we obtained, which is related to the sam-
ple 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 (1000–1300) cm−1 band in FT-IR 
spectra of the prepared samples (detailed characterization of 
the spectra was covered in a previous work [21]). This broad 
and intense band is attributed to asymmetric and symmetric 
stretching vibrations of Si–O-Si bonds [20]. The shoulder 
at 1190 cm−1 appears due to the splitting of longitudinal 

Table 1   The thermal treatment conditions for each sample

Sample name Temperature Thermal 
processing 
time

A – –
B 800○C 4 h
C 900○C 4 h
D 1000○C 4 h
E 1100○C 4 h
F 1200○C 4 h

Fig. 1   The XRD spectra of the sample F

Fig. 2   Infrared absorption spectra as a function of annealing tempera-
ture for the thermal treated samples
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optical and transverse optical stretching motions [22]. The 
presence of this shoulder is an indication that each asym-
metric broad peak noticed in the range 1000–1300 cm−1 in 
FTIR spectra may be due to the overlapping of two peaks.

In order to investigate the overlapping peaks, each band 
in the region 1000–1300 cm-1 was deconvoluted into two 
Gaussian–Lorentzian line shapes (peak1 and peak2). Fig-
ure 3 shows example of the deconvolution processes that 
concern the case of sample F that treated at 1200 ○C. The 
peak1 is attributed to asymmetric and symmetric stretching 
vibrations of Si–O-Si bonds and the peak2 is due to the split-
ting of longitudinal optical and transverse optical stretching 
vibrations.

Figure 4 shows the intensities of the peaks 1 and 2 as 
functions of annealing temperature. We notice that, as 
the annealing temperature increases, the peak2 intensity 
increases at the expense of peak1 intensity with the ten-
dency for the two peaks to have the same intensity at higher 
temperatures.

On the other hand, Fig. 5 shows that the ratio of the 
intensities of the two peaks (2:1) reaches its maxima at the 

annealing temperature 1100 ○C (sample E). In our previ-
ous work, we found that, at this annealing temperature the 
highest concentration of crystal defects is obtained. The 
decrease in the ratio value observed in the case of the sam-
ple annealed at 1200 ○C may be due to the regression of the 
splitting process.

Figures 6 and 7 show the position as a function of the 
annealing temperature for peaks 1 and 2. We notice that the 

Fig. 3   The deconvoluted (1000–1300) cm−1 band in FTIR spectrum 
of the sample F

Fig. 4   The intensities of the peaks 1 and 2 as function of annealing 
temperature

Fig. 5   The ratio I2/I1 as a function of annealing temperature

Fig. 6   The peak1 position as a function of annealing temperature

Fig. 7   The peak2 position as a function of annealing temperature
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position of peak2 is more affected by temperature than the 
position of peak1. In the case of peak1 (Fig. 6), we notice 
that when the temperature increases within the range 800 
– 1100 ○C, the peak shifts towards the higher wave numbers. 
This behavior can be attributed to the changes in the struc-
tural composition of the surrounding environment because 
of silicon oxidation. However, the peak1 shifts back toward 
lower wavelengths upon annealing at T = 1200 ○C (sample 
E). This is explained by the decrease in the intensity of the 
forces acting on the bonds because of the regression of the 
splitting process.

In the case of peak1 (Fig.  7), we notice that, when 
annealing at 900 ○C, the shift towards higher wave num-
bers reaches its maximum due to the enhancement of the 
splitting process. As the temperature is raised above 900 
○C, the peak shifts towards lower wave numbers due to the 
attractive forces to which the Si–O-Si bonds are exposed. 
Upon annealing at T = 1200 ○C (sample E), the peak2 shifts 
back toward higher wavelengths due to the decrease in the 
intensity of the attractive forces because of the regression 
of the splitting process.

Figure 8 shows the peaks 1 and 2 width as functions of 
annealing temperature. It can be seen that while the width 
of peak1 does not appear to be significantly affected by the 
change in the annealing temperature, the width of peak2 is 
clearly affected by the changes in the structural composition 
of the surrounding environment imposed by the change in 
the oxidation temperature.

In our previous work [21], we found that thermal oxi-
dation affects the intensity of the silicon peak in the XRD 
spectra. Here, we study the effect of oxidation on another 
parameter, the silicon peak position, by investigating the 
relationship between the ratio I2/I1 and the silicon XRD peak 
position (Fig. 9).

We notice that, as the ratio increases, the silicon peak 
shifts to the right and that the shift peaks in the case of 
sample F (annealed at 1200 ○C). This result is evidence that 
peak2 growth causes defects in the silicon crystal structure.

This conclusion can be supported by optical reflectivity 
measurements, were in our previous work [21], we observed 
the formation of a plasma edge of silicon nanoparticles in the 
reflectivity spectra in the range 400–750 nm (Fig. 11). The 
plasma edge is not appearing in the spectra of the samples 

Fig. 8   The peak width as a function annealing temperature Fig. 9   Silicon peak position as a function of the ratio I2/I1

Fig. 10   The reflectance spectra of the prepared samples in the range 
400 – 750 nm

Fig. 11   Plasma edge as a function of XRD Si peak position
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Aand B. The formation of silicon nanoparticles is evidence 
of crystal defects [21] (Fig. 10).

Figure 11 illustrates the plasma edge as a function of the 
silicon XRD peak position.

We notice that, the plasma edge is proportional to the 
silicon peak position. The relationship between them is lin-
ear except for the point corresponding to the sample F at 
which the regression of the splitting process happened. This 
result supports the relationship between the peak shift and 
the formation of crystal defects, which we deduced from 
Fig. 9. This is because the shift of the plasma edge towards 
short wavelengths is associated with an increase in the con-
centration of conductive electrons [23, 24]. These electrons 
belong to silicon nanoparticles resulting from breaking the 
long-range arrangement of the silicon lattice as a result of 
the formation of crystal defects [22].

4 � Conclusions

In this paper, pure n-type Silicon (111) wafers were ther-
mal oxidized in air at different annealing temperatures (800 
– 1200○C). Annealing processes were performed using 
an oven. The effect of annealing temperature on XRD and 
FTIR spectra of the prepared samples was studied. The main 
results obtained in this study are:

•	 The thermal oxidation of silicon wafers at temperatures 
less than 1200 °C leads to enhance the phenomenon of 
the splitting of longitudinal optical and transverse optical 
stretching motions.

•	 The splitting phenomenon was verified by observing 
the appearance of two overlapping peaks in the region 
(1000–1300) cm−1 in FT-IR spectra

•	 The splitting process leads to the formation of defects in 
the crystal structure of silicon, which in turn leads to the 
formation of silicon nanoparticles.
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