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Abstract 
Silicon rich oxide (SRO) is a dielectric material 
that contains silicon nanoparticles (Si-nps). The 
composition, structure, and emission of the SRO 
films deposited by low pressure chemical vapor 
deposition (LPCVD) were studied; Different 
microscopic and spectroscopic techniques, such as 
Atomic Force Microscopy (AFM), High Resolution 
Transmission Electronic Microscopy and Energy 
Filtered-TEM (HRTEM and EFTEM), 
Rutherford Backscattering Spectroscopy (RBS), 
X-Ray Photoelectrons Spectroscopy (XPS) and 
Photoluminescence (PL) were used to characterize 
the SRO films. Results show that SRO films are 
formed by SiO2, Si-nps, and compounds. The 
composition, structure (morphology and Si-nps) 
and luminescence of the SRO films varied with the 
silicon excess.   

Keywords: Silicon Rich Oxide, silicon nanoparticles, 
Microscopy, Spectroscopy.  
 

I-  Introduction 

Recently, materials that contain Si-nps have been 
intensively studied because of their technological 
importance and its excellent optoelectronic properties. 
One of these materials is the silicon rich oxide (SRO), 
where the silicon excess agglomerate creating Si-nps 
embedded in an oxide matrix after annealing at high 
temperature. The structural, electrical and optical 
properties of SRO films vary with the silicon excess 
[1, 2]. These properties have motivated the 
application of SRO in optoelectronics devices, such 
as waveguide, memories, and photodetectors [3-6]. 
Moreover, SRO is completely compatible with the 
CMOS technology.  SRO films can be deposited by 
low pressure chemical vapor deposition (LPCVD) 
and many other different techniques [1-10]. LPCVD-

SRO can be considered as a multi-phase material due 
to its is composed by a mixture of stoichiometric 
silicon oxide (SiO2), not stoichiometric silicon oxide 
(SiOx, x < 2) and elemental silicon (as Si-nps). 
Depending on the flow ratio (Ro) between reactant 
gasses and annealing time, it is possible to obtain 
Silicon nanocrystals (Si-ncs) < 10 nm and nanocluster 
≤ 1 nm in size. Annealing is generally used to 
enhance the luminescent properties of the SRO films. 
In the present work, SRO films with different silicon 
excess were fabricated by LPCVD. Experimental 
results on the characterization of surface, volume and 
interface structure and PL of SRO films are 
presented. 

II-  Experiment 

SRO films were deposited on N type Silicon (100) 
substrates with resistivity of 2-5 Ω-cm. SRO layers 
were obtained in a horizontal LPCVD hot wall reactor 
using SiH4 (Silane) and N2O (nitrous oxide) as 
reactive gases at 700 ºC. The gas flow ratio, Ro = 
[N2O]/[SiH4] = 10, 20 and 30, was used to control the 
silicon excess. After deposition the samples were 
densified by a thermal annealing at 1000 °C in N2 for 
30 minutes. Some of the densified samples were also 
thermally annealed at 1100 ºC in N2 for 180 minutes. 
The surface morphology of SRO samples was studied 
using an easyScan Dynamic Force Microscope 
(DFM) Nanosurf system version 2.3, operating in a 
static mode. The topography for each sample was 
measured at a scan size of 4 × 4 µm2. Five different 
scans were done for each sample. The average 
roughness and grain diameter were calculated from 
AFM images. The sizes of the Si-ncs and Si-nps was 
obtained using a Tencai F30 high resolution 
transmission electron microscope (HRTEM) operated 
with acceleration voltage of 300 kV and JEOL JEM 
2010F EFTEM, respectively. The oxygen and silicon 
content of the as deposited SRO films was obtained 
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by RBS of 3.2 MeV α-particles beam of 1 mm 
diameter, the α-particles were obtained using the 
3MV 9SDH-2 Pelletron accelerator and projectiles 
scattered at 168º were detected with an OXFORD 50-
11 surface barrier detector.XPS data were obtained 
using a PHI ESCA-5500 X-ray photoelectron 
spectrometer with an Al radiation, E = 1486 eV. The 
AFM images were statistically analyzed with the 
software Scanning Probe Image Processor (SPIP) 
[11]. PL at room-temperature was measured using a 
Perkin-Elmer spectrometer LS-50B model with a 
xenon source and a monochromator. The samples 
were excited using 250 nm radiation, and the 
emission signal was collected from 400 to 900 nm 
with a resolution of 2.5 nm. A cutoff filter above 430 
nm was used to block the light scattered from the 
source. 

III-  Results 

RBS spectra of the as deposited SRO films with Ro = 
20 and 30 (SRO20 and 30) are shown in Figure 1. 
Simulations were done with the software SIMRA 
version 5.02 [6] in order to analyze the RBS spectra 
and find the oxygen and silicon content in the films, 
as shown in figure 1. In both films, a small layer of 
SiO2 was found at the surface of SRO films. In the 
SRO bulk, the silicon and oxygen ratio was 
determinate as 0.61/0.39 (x = 1.564) and 0.62/0.38 (x 
= 1.631) for SRO20 and 30, respectively. The layer 
thickness was finding out by RBS to be ≈ 490 nm and 
the superficial layer of SiO2 is ≈ 10 nm for both 
samples. The simulation was done supposing 
differents SiO2, SiOx, SiO layers, until the better 
aproximation is obtained. Figure 2 shows the 
composition profile of the annealed SRO20 and 30 films 
obtained by XPS. A uniform Si and O content is 
observed inside of both SRO films. The compositions 
of the SRO films as measured by XPS are reported in 
table 1.  
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Figure 1: Experimental and simulated RBS Spectra of 
the SRO20 and 30 films. 

Figure 3 shows the XPS Si 2p peaks of the SRO10 
film corresponding to the surface, volume and 
SRO/Si interface. A broad peak with a maximum at 
104 eV is observed at the surface indicating the 
surface of SRO is oxidized. Besides to the 104eV 
peak, other peak at about 100.7 eV appears at the 
middle of the SRO film and it becomes more intense 
close to the SRO/Si interface. These broad peaks 
indicate the presence of different components 
corresponding to the different oxidation states 
according with the Random Bonding Model (RBM) 
[7-10] Moreover, both peaks at about 100.7 and 103.6 
eV can be attributed to elemental Si and SiO2, 
respectively, and any variation intermediate peaks are 
attributed to sub oxidized silicon [7-10]. 
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Figure 2: XPS composition profile of annealed SRO20 

and 30 films. 

Table 1: Composition of the SRO films, as obtained 
by XPS.  

Ro Thicknes
s (nm) 

Concentration Si Excess 
% 

x = 
O/Si O % Si % N % 

10 100 53.50 45.50 1 12.20 1.176 
20 655.10 60.81 38.46 0.73 5.16 1.580 
30 696.60 62.01 37.35 0.64 4.03 1.660 

92 94 96 98 100 102 104 106 108 110 112 114
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Figure 3: Si 2p XPS spectra at different position 
inside the SRO layer: at the surface, volume and 
interface of the film SRO10. 
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The AFM images of as deposited and thermally 
annealed SRO films are shown in Figure 4(a) and 
4(b), respectively. It can be see that the surface 
exhibits different characteristics depending on the 
Ro, which influences the size and form of the grains 
(roughness). The average roughness <Sa> for as-
deposited SRO films with Ro = 10, 20 and 30 is 17, 
10 and 8 nm, respectively. While the average 
roughness in annealed SRO films with Ro = 10, 20 
and 30 is 24, 6 and 5 nm, respectively. The highest 
roughness is observed for high silicon excess (Ro = 
10), which could be due to the formation of the Si-
ncs or Si-nps [8].  

 

Figure 4: AFM images in 3-D of SRO10 and 30 films 
without and with thermal annealing.  

Figure 5 shows the HRTEM and EFTEM images for 
the SRO films with annealing at 1100 ºC. For Ro = 10 
(12.2 at. % of silicon excess), HRTEM clearly shows 
Si-ncs with a mean size of 5.7 nm, as shown in Figure 
5(a). Si-ncs were not observed for Ro = 20 and 30. 
However, bright zones associated with amorphous 
silicon clusters were observed by EFTEM on SRO 
films with Ro = 20, as shown in Figure 5(b). Si-
clusters with a mean size of ~2.7 nm were observed 
for Ro = 20, whereas for Ro = 30, because of low 
contrast and sharpness, the shape was not very clear, 
but Si-clusters with size ≤ 1 nm could be identified 
(not shown). Figures 6(a), 6(b), and 6(c) show the PL 
spectra of the as-deposited, densified, and annealed 
SRO films, respectively. Two PL bands can be 
observed: B band (400–600 nm) and A band (600–
850 nm). For as-deposited SRO films, the intensity of 
B band increases with Ro, as shown in Figure 6(a). 
After densification, B band disappears and the A band 
becomes visible (see Figure 6(b)), prolonged 
annealing at higher temperature (1100º C for 180 

min) enhanced its intensity, as shown in Figure 6(c). 
SRO films with large Ro (low Si excess) always show 
higher PL intensity. On the other hand, the PL peak 
position did not show significant shift with Ro. 

Figure 5: Silicon nanocrystal in a) SRO10 and 
silicon clusters in b) SRO20 films observed by 
HRTEM and EFTEM, respectively, after annealing 
at 1100 ºC. 

400 500 600 700 800 900

0

30

60

90

120

150

180

 

Ro =
 10
 20
 30

Wavelength (nm)

A band

0
10
20
30
40
50
60
70
80
90

100

 

× 5

Ro =
 10
 20
 30

c)

b)

P
L 

in
te

n
si

ty
 (

a
.u

.)

A band

0
5

10
15
20
25
30
35
40
45
50

 

 

Ro =
 10
 20
 30

a)B band

× 5

 

 

 

 

 

 

a) HRTEM. Thermally annealed SRO10 film.  
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b) EFTEM. Thermally annealed SRO20 film.  
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Figure 6: PL spectra measured on a) as-deposited 
b) densified and c) thermally annealed at 1100º C 
SRO films with different Ro value. 

IV-  Analysis and Discussion 

The Si concentration of the SiOx (x≤2) films has been 
obtained from RBS and XPS techniques. From XPS 
measurements different states of oxidation in the SRO 
films were observed, when the main films were 
deconvoluted. Table 2 show the oxidation states 
observed for each Ro. From here, silicon oxide (Si4+) 
is observed in all the samples independently of the 
Ro. The Si2+ and Si3+ are also observed in all samples 
but at different depth for the different films. In the 
volume, the Si2+ is common in all samples. However, 
Si2+ and Si3+ are observed in the whole SRO30 film.  
An example, for Ro = 10 is showed in Figure 3, in the 
surface, a broad peak corresponding to SiO2 is 
observed, and in the volume, the two peaks 
corresponding to elemental Si and SiO2 are a 
indicative of phase separation.  
In HRTEM nc-Si were observed for SRO films with 
Ro = 10, and with lower density in Ro=20. For SRO30 
nc-Si was not observed, but silicon agglomerates 
were distinguished when EFTEM was used. XPS and 
TEM confirm the presence of Si in the SRO for all 
Ro, however depending of the Ro it can be mainly 
crystalline or in other forms (nanoclusters), 
depending of the silicon excess.  
In references [12-13] the authors demonstrate that in 
porous silicon and SiOx the Si Plasmon energy varies. 
The fact that in XPS oxidation silicon states were 
observed, and that Si Plasmon shifts were not taken 
into account in our EFTEM measurements, opens the 
possibility that the observed silicon could be linked to 
oxygen forming defects, especially in the low silicon 
excess films.   
SRO surface morphology was also studied with AFM 
as function of the Ro and annealing. For as deposited 
films the surface roughness decrease notably when 
the silicon excess reduces. Average roughness 
measured was 17, 9 and 5 nm for Ro = 10, 20 and 30, 
respectively. For densified and annealed samples, the 
roughness increases clearly in SRO10 from 22 to 24 
nm, due to the agglomeration of Si-ncs. However, for 
SRO20, and especially for SRO30 the surface from the 
AFM pictures looks smoother after annealing. So for 
low silicon excess, the elemental silicon do not exist 
or its density is small, with annealing the silicon 
agglomerate forming amorphous silicon composites 
rather than Si-ncs as observed from XPS and 
EFTEM. That is why roughness increases for Ro = 
10, and reduces for higher Ro´s. 

Tabla 2. Oxidation states of the SRO films obtained by the 
deconvolution of the XPS curves. 

Ro Ubication in the 
films 

Oxidation States 
Peak Position (eV) 

Si0 Si1+ Si2+ Si3+ Si4+ 

10 Surface    103.6 104.7 
Volume 100.7 101.7 102.9  104.1 

Interface SRO/Si 100     
20 Surface   102.5 103.4 105.5 

Volume   102.1 103.9 106 
Interface SRO/Si 100.7  102 103.8  

30 Surface  101.5  103.8 105 
Volume   102.5  104.4 

Interface SRO/Si   102.3  104.1 

 
On the other hand, the photoluminescence also 
depend on Ro and thermal annealing conditions, as 
shown in figure 6. In our samples, intense PL (A 
band) in SRO30 was observed after annealing; 
however SRO30 has amorphous silicon composites 
rather than Si-ncs. On the other hand, SRO10 
practically do not show emission, in spite that silicon 
nanocrystals were clearly observed before and after 
the annealing. Therefore, the A band cannot be 
associated to quantum confinement effects; instead, it 
should be associated to Si related defects. Also band 
B can be associated to defects. As reported previously 
[14-17], B band is also associated to F and E 
(different types of oxygen’s vacancies) defects.  
 

V- Conclusion 

In conclusion, RBS, XPS, HRTEM and AFM were all 
able to measure compositional and structural 
differences between SRO films with different silicon 
excess which varied with the gas flow ratio Ro and 
thermal treatments. RBS and XPS allow seeing the 
differences on the SRO surface, in the bulk and in the 
SRO/Si interface as oxidation states and 
concentration of silicon excess. HRTEM and XPS 
confirmed the existence of the Si-ncs in SRO10. The 
films consisted of three phases: Si-Si, SiOx and SiO2, 
depending on the Ro. AFM was able to analyze the 
surface morphology of SRO films, where the height, 
roughness and mean diameter of the grain and pores 
have a significant change with respect to the flow 
ratio and different annealing time. The PL also 
depends of the flow ratio and thermal annealing 
conditions.  
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