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Abstract 

In this work, the correlation between BEMA model and FTIR analysis was employed to 

investigate the chemical composition of silicon oxynitride (SiOxNy) films deposited by low 

pressure chemical vapour deposition (LPCVD) technique at temperature of 8500C from 

nitrous oxide N2O, ammonia NH3 and dichlorosilane SiH2C12. Different stoichiometries were 

obtained for different values of relative gas flow ratio NH3/N2O while keeping the SiH2Cl2 

flow constant. The optical properties were studied using spectroscopic ellipsometry. Apart 

from films thickness, their refractive index as well as their SiO2 and Si3N4 volume fractions 

were deduced using the Bruggeman effective medium approximation (BEMA) model. It was 

found that the refractive index increases from 1.45 to 1.60 with increasing nitrogen 

incorporation. The Fourier Transform Infrared spectroscopy was carried out to study the 

evolution of chemical bonding of LPCVD SiOxNy films. In order to improve the qualitative 

analysis of their Si-N and Si-O vibrational modes, a correlation between Fourier transform 

infrared and spectroscopic ellipsometry measurements was established. A shift of infrared 

peaks position with the increase of relative gas flow ratio is observed. Furthermore, the 

calculated areas of absorption bands were used to estimate the SiOxNy stoichiometry. This 

quantitative analysis was proved with an adequate method in the literature. We found a 

decrease of x values from 1.94 to 1.26 and an increase of y from 0.04 to 0.49, when the 

NH3/N2O gas flow ratio increases. This behavior was explained by the increase of nitrogen 

content as well as the decrease of oxygen content in the SiOxNy film. 

1 Introduction 

Silicon oxynitride has been widely used in microelectronics and optoelectronics industry as 

thin gate dielectrics for MOS devices, passivating coatings, waveguides, membranes in 
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microsensors and solar cells [1-4]. Indeed, they exhibit excellent control of refractive index 

over a wide range (n = 1.45 - 2.02), low absorbance, resistance to oxidation and low 

mechanical stress [3, 5-7]. The stoichiometry of these materials depends strongly on the 

deposition method and conditions such as precursor gases, deposition temperature and 

pressure. They can be deposited by different methods such as low pressure chemical vapour 

deposition (LPCVD) [5,8], plasma-enhanced chemical vapour deposition (PECVD) [1,3,7,9], 

ion-assisted deposition and reactive sputtering [2]. According to all these methods, different 

properties can be obtained. As a result, further investigation of optical and physico-chemical 

characteristics remains crucial.   

During several years, many studies have been performed to deduce the optical properties of 

SiOxNy films with the spectroscopic ellipsometry (SE) measurements using Bruggeman 

Effective Medium Approximation (BEMA) [10-14]. Indeed, this model assumes that the 

SiOxNy material is similar to a random mixture, at the microscale, of two homogeneous 

phases: SiO2 and Si3N4 [12,13]. However, the Fourier Transform Infrared (FTIR) analysis 

shows that the SiOxNy films are a combination of Si-O and Si-N bonds [3,7,15]. The works 

reported in the literature present both methods separately. Based on the fact that the silicon 

oxide films are composed of Si-O bonds [16] and silicon nitride  films are formed by Si-N 

bonds [17], the correlation between BEMA volume fractions (SiO2 and Si3N4) of SiOxNy 

layer with Si-O and Si-N concentrations bonds obtained from FTIR analysis can be 

investigated. 

In this work, we investigated the optical and physico-chemical properties of LPCVD SiOxNy 

layers deposited from nitrous oxide N2O, ammonia NH3 and dichlorosilane SiH2Cl2.  Firstly, 

the optical properties of silicon oxynitride layers were studied by spectroscopic ellipsometry 

(SE) using the Bruggeman effective medium approximation (BEMA) model. Secondly, 

Fourier-transform infrared spectroscopy (FTIR) was carried out to study the chemical bonding 

of the elaborated films. In order to improve the qualitative and quantitative analysis of SiOxNy 

films composition, we performed the correlation between SE and FTIR analysis. Finally, the 

obtained stoichiometry of SiOxNy films was used to study fully their chemical composition. 

2 Experimental details  

Silicon oxynitride (SiOxNy) layers were deposited by low pressure chemical vapour 

deposition on single-crystal silicon wafer substrate from a mixture of dichlorosilane 

(SiH2Cl2), nitrous oxide (N2O) and ammonia (NH3). The deposition was carried out at 

temperature of 850°C during 50 minutes and a total pressure of 540 mTorr. The deposition 

duration was chosen constant in order to keep similar annealing conditions during the 

deposition processes. As a result, different thicknesses (typical values: 300 – 400 nm) were 

obtained for the SiOxNy films. Such high thicknesses allow to neglect any refractive index 

gradient occurring at the very beginning of the LPCVD process, and to finally insure the in-

depth homogeneity of the SiOxNy films properties. The layers were elaborated with different 

values of relative gas flow ratio r = NH3/N2O (the flow ratio changes from 0.03 to 0.23). The 

flow of (N2O+NH3) and SiH2Cl2 were kept constant at 160 and 200 standard cubic 

centimeters per minute (sccm), respectively. The measured ellipsometric angles Δ and ψ were 
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obtained by a SpecEL2000-VIA spectroscopic ellipsometer with rotating analyzer in 450-900 

nm wavelength range, at fixed incidence angle (Φ=700) for all measurements.  

In order to study the evolution of films chemical composition, FTIR analysis was carried out 

using a Nicolet Avatar 360 spectrometer. The chemical bonds were determined by the 

localization of the absorption bands on a spectral region that extends between 400 and 4000 

cm-1.  

 

3 Results and discussion 

3.1 Optical properties 

The spectroscopic ellipsometry (SE) measurements have been used to estimate the refractive 

index and the SiOxNy films thickness. This technique measures the complex ratio of the 

Fresnel reflection coefficients for parallel (rp) and perpendicular (rs) polarized light expressed 

as follows [10]: 

tan
p i

s

r
e

r
                                 (1)

       

Where Δ and ψ are the measured ellipsometric angles. 

 

However, the ellipsometric analysis is not done directly, it is necessary to model the structure 

of these heterogeneous materials to estimate the refractive index and SiOxNy films thickness. 

Indeed, the ellipsometric analysis can be carried out from two methods depending on the 

nature of the materials studied: dispersion Models (Cauchy, Forouhi-Bloomer, Tauc-Lorentz, 

etc.) and Effective Medium Approximation theory (Bruggeman, Maxwell-Garnett). In this 

study, we chose the Bruggeman Effective Medium Approximation (BEMA) model because it 

is well suited to the heterogeneous materials [18]. In addition to their refractive index and 

thickness, the composition of the different layers can also be obtained by this model. This 

theory considers this material as a mixture of two homogeneous phases: silicon oxide (SiO2) 

and silicon nitride (Si3N4). It is valid in the visible (VIS) and near infrared (IR) [14]. The 

effective refractive index has been defined as [8,13]: 

 

3 42

2 3 4

2 3 4

2 22 2

2 2 2 22 2

Si NSiO

SiO Si N

SiO Si N

n nn n
f f

n n n n




 
              (2) 

2 3 4
1SiO Si Nf f                  (3) 

where and are the relative volume fraction of SiO2 and Si3N4, respectively in the 

film, and represents the refractive index of SiO2 and Si3N4, respectively (the 

refractive index for SiO2 and Si3N4 were obtained using Palik’s data [19]). 

 

The refractive index, layers thickness and volume fractions were deduced by optimization of 

the ellipsometric measurements cos∆ and tanѱ. The calculated theoretical profiles based on 
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the Bruggeman model were compared to experimental spectra obtained from ellipsometric 

data using the mean squares error (MSE) defined as: 
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where N is the number of total measurements, cos∆exp and tanѱexp are the experimental data 

and cos∆th and tanѱth are the calculated data.  

 

The fitting quality of experimental and theoretical data is controlled by MSE. The 

superposition of experimental and theoretical spectra (cosΔ, tanψ as a function of wavelength) 

presented in Figure 1 showed a good agreement, that permits the deduction of the refractive 

index and the different volume fractions, as well as the estimation of films thicknesses. All 

obtained results are summarized in the Table 1. 

 
Fig. 1. Comparison between measured (cosDeltaex, tanPsiex ) and calculated (cosDeltath, tanPsith) 

spectra of tanψ and cosΔ for LPCVD SiOxNy films obtained with r=0.23. 
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Table 1. Estimated refractive index, volume fraction, thickness and mean square errors according to 

BEMA model  

Sample r = NH3/N2O n (at 830 nm) f(%) SiO2  f(%) Si3N4  Thickness(nm)  MSE 

S1 0.03 1.45 98.2 1.8 285 0,0024 

S2 0.07 1.52 86.5 13.5 325 0,0175 

S3 0.08 1.53 85.5 14.5 345 0,0130 

S4 0.14 1.55 81.3 18.7 360 0,0065 

S5 0.23 1.60 73.5 26.5 400 0,0037 

 

The Bruggeman EMA model assumes that SiOxNy films are formed by two distinct phases 

SiO2 and Si3N4. As seen in Table 1, the refractive index, the volume fractions (SiO2 and 

Si3N4) and films thickness change according to the relative gas flow ratio r = NH3/N2O. We 

can see that the refractive index of LPCVD SiOxNy films increase from 1.45 to 1.60 by adding 

NH3 and reducing the N2O gas flow ratio. This increase can be attributed to the incorporation 

of nitrogen atoms in the films. In other words, the refractive index of SiOxNy thin films can be 

controlled through variations of the precursor gases. Therefore, when the flow rates of NH3 

and N2O varies, the nitrogen and oxygen contents in silicon oxynitride change. The extinction 

coefficient (k) of our silicon oxynitride layers remains lower than 10−6 for wavelengths above 

450 nm. The obtained SE analysis results and the established model are in good agreement 

with previously works reported in the literature [7,10,20]. 

 

3.2 Physico-chemical properties 

Figure 2 shows FTIR absorption spectra of SiOxNy films deposited at different NH3/N2O flow 

ratio. The main absorption band was observed in the 600-1300 cm-1 region. This band has also 

been identified as Si-O and Si-N bonds assigned to different vibration modes [7,21,22]. 

Moreover, the FTIR spectra also show another absorption band of Si-O bonds assigned to 

rocking mode located at approximately 450 cm-1 [23].  It is observed that the FTIR spectra of 

SiOxNy films do not have hydrogen bonds Si-H and N-H. This absence is related to the 

presence of an oxidizing gas in the gas phase:  nitrous oxide (whose flow varies between 130 

and 155 sccm). The oxygen atoms have a tendency to preferentially bind with the silicon 

atoms [24]. This phenomenon is further enhanced by the high contents of oxygen, i.e. low 

contents of nitrogen, in the SiOxNy films and thus their high number of Si-O bonds. On the 

other hand, the high deposition temperature (8500C) in our case is another factor that can 

influence the lack of hydrogen incorporation in SiOxNy films. These observations were also 

reported by Kapoor et al: they showed that the amount of Si-H and N-H drastically decreased 

as the deposition temperature increased beyond 6000C [25]. 

 

We found that the increase of gas flow ratio (r = NH3/N2O) affects the SiOxNy films FTIR 

spectra by the apparition of a shoulder with a shift of the main peak towards lower 

wavenumbers values. This behaviour is explained by an increase of the nitrogen incorporation 

in the films and therefore an enhancement of the Si-N bonds. In order to obtain qualitative 

information on the vibration modes of Si-N and Si-O bonds, we have carried out a 

deconvolution of the main absorption bonds into multiple Gaussian peaks.  
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Fig. 2. FTIR absorption spectra of SiOxNy films. 
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Where 𝐴𝑚𝑝 is the integrated area obtained by deconvolution of the main peak and 𝑓𝑠𝑖3𝑁4is the 

volume fraction of silicon nitride.  

 

Fig. 3. Deconvolution of the main peak for the film obtained with r=0.23. 
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Table 2. Si-N absorption band area and Full Width at Half Maximum (FWHM) obtained by 

conventional deconvolution (case 1) and by correlation FTIR-BEMA (case 2). 

Sample 
r = 

NH3/N2O 
 

Area 

 

FWHM (cm-1) 

Case 1 Case 2 Case 1 Case 2 

S1 0.03 

 

17 1 

 

137 61 

S2 0.07 

 

15 10 

 

109 87 

S3 0.08 

 

21 11 

 

133 93 

S4 0.14 

 

17 15 

 

114 106 

S5 0.23 

 

20 24 

 

115 122 

 

As can be seen from Table 2, the conventional deconvolution method does not give 

significant results. However, for the proposed method (case 2), it is found that there is an 

increase in the Si-N absorption band area and the full width at half-height FWHM. The 

increase of these two parameters (area and FWHM) is in good correlation with the increase of 

nitrogen amount in the films due to the rate r increase, as illustrated in Figure 4 and Table 2. 

This behavior can be explained by the increase in the films density that is also confirmed by 

the increase of the refractive index values previously obtained by SE.  
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Fig. 4. Evolution of the Si-N absoption band area A and FWHM obtained by the conventionnal 

deconvolution (case 1) and the deconvolution based on the correlation between FTIR and BEMA 

model (case 2) as fonction of the relative gas flow ratio. 

Details of the peak positions obtained by deconvolution thanks to the proposed method of the 

main absorption band are summarized in Table 3. We found that the obtained infrared peak 

positions are in good agreement with previous studies on SiOxNy layers [3,9]. As seen in 

Table 3, all peaks position shifts with increasing relative gas flow ratio r. The Si-N peak 

position assigned to the stretching vibration mode shifts towards lower wavenumbers (from 

949 cm-1 for r = 0.03 to 879 cm-1 for r = 0.23). On the other hand, the Si-O peak position 

attributed to the symmetric stretching vibration shifts also to the low wavenumbers values 

(1056-1010 cm-1). These peaks position evolution are due to the increase of the nitrogen 

amount and the reduction of oxygen in SiOxNy films.  

 

Table 3. LPCVD SiOxNy infrared vibrations modes deduced by the deconvolution based on the 

correlation between FTIR spectra and BEMA model. 
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Si-O symmetric str. 

 

1056 1047 1042 1026 1010 

Si-O asymmetric str. 

 

1075 1177 1176 1167 1148 

Si-O bending 

 

820 815 810 779 750 

 

It has been reported that the stoichiometry of these films can be estimated using the relation 

between the atomic and the bond concentrations [26]: 
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The absolute concentrations of [Si-O] and [Si-N] bonds in the films were calculated by the 

following equation [26,27]: 

 

 
( )

Si X Si X Si XSi X K d K A


 



                  (8) 

where [Si-X] is the concentration of the Si-X bond, α(ω) is the absorption coefficient at the 

frequency ω, KSi-X and ASi-X are the calibration factor and the integrated area of the Si-X 

absorption bands, respectively. KSi-O and KSi-N were estimated at 1.5 1019 cm-2 [28] and 2.1 

1019 cm-2 [27]. 

To examine the validity of the composition data (x and y) using the proposed method of 

deconvolution, we have compared these results with two other methods. The first method is 

based on the measurement of [O], [N] and [Si] atomic concentrations with RBS technique. 

The second method is an indirect estimation of the stoichiometry of SiOxNy films from its 

refractive index value (n) at 830 nm [8]. Indeed, considering a SiO2/Si3N4 heterogeneous 

medium in the frame of the BEMA model, Hajji et al. established an attractive equation to 

calculate the values of x and y of SiOxNy films with an error lower than 2%:  

2 22 0.41 0.07 1.45 0.19 0.16n x x y y                               (9) 

As shown in Figure 5 and 6, the agreement between the values obtained from the calculated 

concentration of [Si-O] and [Si-N] bonds and those estimated by the BEMA method is quite 

satisfactory, since the discrepancies between the x values of these methods are less than 6%. 

However, this discrepancy becomes more important for values of y (less than 20%). This may 

be related to the dependence of the calculated values with the calibration factors (KSi-N and 

KSi-O). In order to optimize the values of the calibration factors, we have fitted the obtained 
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data from Hajji et al. formula (eq. (9)), as shown in Figures 5 and 6. The obtained values are 

KSi-O= 1,3 1019 and KSi-N=2,3 1019. Moreover, the composition indices of SiOxNy films (x and 

y) obtained by this method respond very well to the relationship 2x+3y = 4 [29]. Thus, the 

calculated of the integrated area of the absorption bands using the proposed method can be 

lead to the correct estimation of the stoichiometry of SiOxNy films. We can see (Fig. 5 and 6) 

that the atomic ratio x decreases from 1.94 to 1.26 and y increases from 0.04 to 0.49 with 

increasing relative gas flow ratio. This change in the films composition can be related to the 

replacement of the oxygen atoms by nitrogen ones in films bonding structures. This result is 

confirmed by the refractive index values obtained by SE measurements, which varies between 

1.45 and 1.60 in our films. 
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Fig. 5. [O]/[Si] atomic ratio (x) obtained from BEMA method (using eq. (9)) 

and FTIR analysis (using the proposed deconvolution method). 
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Fig. 6. [N]/[Si] atomic ratio (y) obtained from BEMA method (using eq. (9)) 

and FTIR analysis (using the proposed deconvolution method). 

4 Conclusion  

The SiOxNy films were deposited by LPCVD using different values of the relative gas flow 

ratio (NH3/N2O). The optical and physico-chemical properties have been investigated with SE 

and FTIR methods. The films thickness, refractive index and volume fractions of SiO2 and 

Si3N4 have been estimated by comparing the SE measurements and calculated data from 

Bruggeman EMA model. It has been found that the increase of refractive index of SiOxNy 

films is related to the quantity of nitrogen introduced into films. The FTIR analysis also 

showed that the incorporation of nitrogen atoms leads to the change of the Si-O and Si-N 

bonds intensity. The correlation between SE and FTIR analysis helped us to estimate the area 

of absorption bands, the FWHM and the peaks position of the Si-O and Si-N vibrational 

modes. The peaks position was found to shift when the chemical environment is modified. 

Finally, the stoichiometry of SiOxNy films was estimated from the calculated area using the 

proposed deconvolution method. The comparison of our results with those estimated by the 

BEMA method proved the proposed method and their validity. On the other hand, the results 

were also verified using the relation 2x+3y=4. The obtained results of the films composition 

confirmed that the increase of the relative gas flow ratio causes the decrease of oxygen 

amount and the increase of nitrogen in the SiOxNy films. 
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