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Figure 1. Photoluminescence spectra of as-implanted LPCVD-SRO 
films. 
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The photoluminescence properties of silicon rich oxide (SRO) and silicon oxynitride (SNO) films were studied. The 
materials were obtained by the low pressure chemical vapor deposition (LPCVD) technique, with some samples post-
treated by Si-implantation and thermal annealing under different conditions. For SRO films, strong red emission with 
peak at 1.7 eV was observed after Si-implantation and thermal annealing. The emission intensity depends on the 
deposition and post-treatment parameters. For SNO films, however, strong blue emission with a peak at 2.38-2.66 eV was 
observed both in the as-deposited and annealed states. The emission intensity and peak position can be adjusted by 
thermal annealing. This emission band was also compared with that produced by PECVD-SRO films. The experimental 
results were explained according to the structural properties of each material. It could be possible that the emission 
depends not only on Si excess but also on the microstructure of the material.  
 
Keywords: Silicon rich oxide; Silicon oxynitride; Photoluminescence; Si excess 
PACS codes: 68.35.Dv; 68.55.Ln; 68.35.-P 
 

1. Introduction 
 
In the last years, the interest for the optical properties of 

the silicon nanocrystals has grown due to its potential 
applications in optoelectronics [1, 2]. The interest increased 
when visible luminescence in silicon rich oxide (SRO) was 
observed [3].  Intense studies have been performed in order 
to find the origin of the visible light luminescence [4-6] 
although it is still controversial. However, some possible 
applications of this material have been proposed [1, 2]. It is 
thus important to continue studying the luminescence of 
this material, or other materials containing Si nanocrystals, 
in order to improve and better understand the light 
emission properties. In this study, we investigate the 
photoluminescence of silicon rich oxide (SRO) and silicon 
oxynitride (SNO) films. It was found that the 
photoluminescence is sensitive to the preparation 
parameters of the materials. Strong red and blue light 
emission can be produced by SRO and SNO, respectively, 
under proper fabrication conditions. 
 

2. Experiments 
 

Low-pressure chemical vapor deposition (LPCVD) 
technique was used to deposit both the SRO and SNO films. 
For the deposition of SRO, gas mixture of SiH4 and N2O 
was used and the excess Si content can be adjusted by 
changing the gas flow ratio Ro=[N2O]/[SiH4]. Three gas 
flow ratio of Ro=10, 20 and 30 were used, and the Si 
excess will decrease with increasing Ro. For the deposition 
of  SNO films, gas mixture of SiH4, N2O and NH3 was used. 
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Table 1. List of samples and their deposition parameters. 
 

 Name Ro R1 R2 Si-implantation 

SRO10 10 x x 5x1015 (cm-2) 
2x1016 (cm-2) 

SRO20 20 x x 5x1015 (cm-2) 
2x1016 (cm-2) LPCVD-SRO films 

SRO30 30 x x 5x1015 (cm-2) 
2x1016 (cm-2) 

M1 1.0 0.5 0.5 x 
M2 1.0 1.0 1.0 x 
M3 1.0 1.875 1.875 x LPCVD-SNO films 

M4 1.0 3.75 3.75 x 

We defined the gas flow ratios as Ro=[N2O]/[SiH4], 
R1=[SiH4]/[NH3] and R2=[N2O]/NH3], respectively. During 
the deposition, Ro was fixed at Ro=1.0 while the 
composition of SNO films can be changed by adjusting R1 
and R2.  Our previous study with Auger Electron 
Spectroscopy (not published yet) has shown that the Si 
excess will increase with increasing R1; and N content will 
decrease with increasing R2. This has also been observed 
by other groups [7, 8]. The deposition temperature was 
700oC, and pressure varied from 1.9 to 2.5 Torr. The 
thickness for both SRO and SNO is around 550 nm. In 
table 1, the experimental parameters of each sample used in 
this study are listed.  

Si-implantation was performed for the SRO films. Two 
implantation doses, 5x1015 cm-2 and 2x1016 cm-2, were used 
at 150 keV for each deposited SRO films. Thermal 
annealing at 1100oC in N2 atmosphere was then performed 
for 30, 60, and 180 min, respectively. For the SNO films, 
the as-deposited films were thermally annealed at 1000oC 
in N2 atmosphere for 45, 90 and 180 min., respectively. 
Photoluminescence measurements were performed for each 
sample in the as-deposited state and after thermal annealing. 

 
3. Results 
 
3.1 Photoluminescence of SRO films 
 

Figure 1 shows photoluminescence spectra of SRO10 and 
SRO30 (index is used to indicate the Ro value) films with 
different Si implantation doses. In both doses, two clear 
emission bands, band A (1.9 eV) and band B (2.4 eV), 
were observed in the as-implanted films. Another small 
band at about 2.8 eV (Band C) can also be observed. As Ro 
decreases or Si implantation dose increases, the intensity of 
these bands will decrease, namely, the emission intensity 
decreases with increasing excess Si concentration in SRO 
films. It is noted that the as-deposited SRO films without Si 
implantation do not present obvious emission. 

Figure 2 shows the annealing effect on the implanted 
SRO films. For all the SRO films used in this study, all the 
emission bands that appear in the as-implanted state, 
namely, band A, band B and band C vanish after thermal 
annealing at 1100oC. However, a new emission band that is 
located around 1.7 eV appears after annealing. The 

intensity of this band depends on the Ro, Si implantation 
dose, and annealing time. With the decrease of Ro (or 
increase of Si excess), the intensity decreases. The 
annealing time is critical to the intensity. An optimum 
annealing time of 60 minutes exists to obtain highest 
emission intensity. Both shorter and longer annealing time 
will decrease the intensity. Meanwhile, a small blue shift in 
peak position can be observed after thermal annealing, as 
shown in Figure 3. It is also noted that with the increase of 
Ro, the emission peak shows a slight blue shift as depicted 
in Figure 3.  The emission intensity is higher for SRO20 and 
SRO30 films as the Si implantation dose increases when 
annealed during 60 minutes. This is not the case for SRO10 
film. 

 
3.2 Photoluminescence of SNO films 
 

Figure 4 shows the PL spectra of as-deposited SNO films. 
Being different to SRO, the SNO films show strong 
luminescence in the as-deposited state. These films present 
similar emission band at around 2.38-2.66 eV and the peak 
position shows a blue shift as the Si excess decreases or 
nitrogen (N) concentration increases, as shown in Figure 7, 
meanwhile, the emission intensity also increases. 

Thermal annealing has quite different effect on the 
emission of the SNO films with different Si and N content. 
Figures 5 and 6 show the variation of PL band of two SNO 
samples with different Si and N content, sample M1 and 
M3, respectively. After annealing, both samples always 
emit with a small blue shift as increasing annealing time, 
also shown in Figure 7. However, for sample M1 that has 
lower Si concentration and higher N concentration, the 
emission intensity decreases as the annealing time 
increases; on the other hand, for sample M3 that has higher 
Si concentration and lower N concentration compared with 
M1, the intensity increases with annealing time until a 
critical time of 90 min. The intensity will decrease when 
annealing time is longer than 90 minutes. Similar behavior 
was observed for samples M2 and M4. 

The SRO and SNO films present very different PL 
properties. The as-deposited SRO films present very weak 
emission. After Si implantation and thermal annealing, an 
emission band at 1.7 eV was observed. However, the SNO 
films present strong emission in 2.38-2.66 eV, both in the 
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Figure 2. PL spectra of the implanted LPCVD-SRO films with different annealing time and Ro (10, 20 and 30). 

as-deposited and annealed samples. By optimizing the 
preparation parameters of the SNO films, the intensity of 
this blue emission (500 nm) could be stronger. 

 
4. Discussion 
 

The as-deposited SRO films show very weak PL 
intensity, while the Si implantation makes the PL intensity 
increase largely. This indicates that the three emission 
bands (A, B, C) are correlated with Si implantation. The 
emission band A (peak 1.9 eV) has been also observed in 
porous silicon and has been ascribed to the non-bridging 
oxygen hole centers (NBOHC) [9]. The emission band C 
(peak 2.7-2.8 eV) has been considered to be due to the Si-
implantation created neutral oxygen vacancies [10]. The 
band B (peak 2.4 eV) has been ascribed to the geminate 
recombination within localized band tail states excited 
below the optical band gap in SiOx (x<2), or due to the 
hydrogen-related species [11, 12]. 

When the SRO films are annealed at high temperature 
(1100oC), the structural properties of the SRO films will be 
modified. Structural and optical measurements have shown 
that the SRO films contain large partial of sub-
stoichiometric SiOx (x<2) phase. However after annealing, 
the sub-stoichiometric phase will separate into the 
stoichiometric SiO2 and Si nanoclusters. Thus the NBOHC 
and neutral oxygen vacancies will reduce as function of 
annealing time and the corresponding emission peaks (band 
A and C) will be modified. The band B is related to the 
band tail states or hydrogen-related species, then it will 
also be eliminated after the amorphous Si nanoclusters 
crystallized in high temperature annealing process. 

There is a large amount of reports about the Si 
nanoclusters’ emission. The peak position of the emission 
will shift according to the excess Si concentration in the 
material. This emission has been related to the radiative 
recombination of photogenerated carriers in the Si 
nanoclusters [10, 13, 14]. This study shows that the peak  
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Figure 4. PL spectra of the as-deposited SNO films with different Si 
and N content. An emission band around 2.38-2.66 eV was presented 
for all samples. 
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Figure 5. PL spectra of sample M1 with different thermal annealing 
duration. The intensity decreases when thermal annealing duration 
increases. Sample M1 has comparatively less Si content and more 
Nitrogen content. 

 

 position of our samples shifts according to the excess Si 
and thermal annealing time, as shown in Fig.3. A clear blue 
shift can be observed as Ro increases (Si excess decrease) 
or annealing time increases. It is expected that the average  

diameter of Si nanocrystals will decrease with the 
decrease of Si excess. However, the diameter of the Si 
nanocrystals will increase with annealing time. If the band-
to-band emission dominates the PL process in our sample, 
a red-shift in peak position should be observed with 
increasing annealing time. This is not the case of this 
experiment. Therefore, the experimental results in this 
study exclude the possibility of band-to-band emission of 
the Si nanocrystals. In fact, when the Si nanocrystals are 
very small, the Si/SiO2 interface will play important role. 
Due to the large stress in the Si/SiO2 interface, localized 
states will form in the band gap of the Si nanocrystals [15]. 
And the photogenerated carriers will be trapped by these 
localized states and then recombine. The Si excess 
concentration of the SRO samples used in this study is in 
the range of 1-6% for Ro=20 and 30. TEM study has 
shown that the average size of the Si nanocrystals in these 
kinds of SRO films will be smaller than 2 nm [16]. 
According to the calculation [15], the band gap of the Si 
nanocrystals of this size should be around 3 eV. However, 
the measured PL emission has a peak around 1.7 eV. This 
is an evidence that the PL emission is not via band-to-band 
recombination. Thus the emission via the localized states is 
the most possible mechanism. The bonding situation of Si 
at the Si/SiO2 interface will change in the thermal 
annealing process and Si nanocrystals’ diameters, thus 
modifying the energy level of the localized states, resulting 
in the blue shift of the emission peak with annealing time. 

For SNO films, the emission appears at around 2.6 eV, 
and the emission peak has a red shift with increasing R1 
(and thus an increase of excess Si and decrease of N). Our 
previous research showed that comparable emission band 
at 2.7 eV was also presented in Si-implanted and annealed 
SRO films prepared by plasma enhanced chemical vapor 
deposition technique (PECVD-SRO) with lower Si excess 
[10, 17]. The emissions from PECVD-SRO and LPCVD-
SNO probably have same mechanism due to the same 
emission position. Another important factor is that the 
composition of PECVD-SRO and LPCVD-SNO is 
probably similar. Of course, LPCVD-SNO contains Si, N, 
and O. And in PECVD-SRO, the compositions of Si, N, 
and O have also been evidenced [14]. However, the 
LPCVD-SRO only contains negligible N. The introduction 
of N into the SNO films probably modifies the structure of 
the films. One possible modification is that the segregation 
of excess Si into large nanocrystals will be more difficult 
and the average size of the Si nanocrystals will be limited 
to a small value. In this case, a higher annealing 
temperature (>1000oC) is required for the segregation of 
larger Si nanocrystals. F. Iacona et al have used annealing 
temperature as high as 1250oC in order to get strong PL 
intensity in PECVD-SRO films that contains N [14]. Their 
study showed that for PECVD-SRO with similar excess Si 
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Figure 6. PL spectra of sample M3 at different thermal annealing time. 
The emission intensity increases when thermal annealing duration 
increases until an optimum value, 90 minutes, is reached. The intensity 
decreases again for annealing time longer than 90 minutes. Sample M3 
has comparatively more Si content and less Nitrogen content. 
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Figure 7. Emission peak position as function of R1 and thermal 
annealing time of the SNO films. 

concentration as that of the samples used in this study, very 
obvious red shift with annealing temperature was observed.  

Therefore, the emission of SNO at larger energy 
compared with that of SRO is possibly due to the small Si 
nanocrystals formed in SNO films under the experimental 
condition used in this study. The blue shift in peak position 
with decreasing R1 and increasing annealing time can also 
be explained considering the average Si nanocrystals’ size 
and Si/SiO2 interface states, as discussed for SRO films. It 
is possible that in as-deposited SNO films, the excess Si 
has already formed nanocrystals (or amorphous 
nanoclusters) due to the existence of N, this is the reason 
that obvious emission can be observed in as-deposited 
SNO films. From this point of view, N plays similar role as 
Si implantation into SRO. It has been shown that the 
sudden enhancement in PL by the Si-implantation in SRO 
could be due to the distruction of the large Si segregations 
in the as deposited SRO films, and thus to increase of the 
density of small Si nanocrystals [18]. 

 
5. Conclusions 
 

We have studied the photoluminescence properties of 
LPCVD SRO and SNO films. They present very different 
PL spectra. Only after Si-implantation and thermal 
annealing, the SRO films present strong red-light emission 
(1.7 eV or 730 nm). However, the as-deposited SNO films 
present strong blue-light emission (around 2.6 eV or 500 
nm). The emission intensity could be even enhanced by 
thermal annealing for some SNO films. An explanation of 
the experimental results was presented. It is suggested that 
N plays an essential role in the modification of the 
emission process. 
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