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We have modeled growth kinetics of oxynitrides grown in NO-02 
gas mixtures from first principles using modified Deal-Grove 
equations. Retardation of oxygen diffusion through the nitrided 
dielectric was assumed to be the dominant growth-limiting step. 
The model was validated against experimentally obtained curves 
with good agreement. Excellent uniformity, which exceeded 
expected .values, was observed. 

INTRODUCTION 

The reliability advantages of oxynitrides over conventional Si02 for gate and tunnel 
dielectric applications have been well established. Various nitrogen sources have been 
investigated for this purpose, such as NH3, N20, and NO. Nitrous oxide (N20) provides 
high growth rates but has inadequate nitrogen incorporation and the nitrogen distribution 
is severely non-uniform (1). Ammonia (NH3)  is a promising alternative (2) but requires 
a post-nitridation reoxidation step to eliminate hot carrier degradation caused by 
hydrogen incorporation (3). Nitric oxide (NO) is being studied because of its ability to 
provide good uniformity, high nitrogen concentrations, a robust interface, and excellent 
reliability characteristics (4). Rapid thermal processing (RTP) for oxynitride growth can 
provide advantages over furnace processing, including better uniformity, improved 
dielectric quality, and reduced thermal budget (5,6). Further advantage is gained by 
direct oxynitridation in a 1-step process using NO-02 mixtures at temperatures over 
95OoC because of the increased throughput compared to multi-step processing, although 
the effect on dielectric quality is unknown. Since incorporated nitrogen inhibits oxygen 
diffusion through the dielectric, reduced growth rates are observed with gas mixtures that 
produce oxynitride films as compared with rapid thermal oxidation (RTO) (7). In this 
paper, we have modeled the growth kinetics by modifying the diffusion dependent 
parameters of the modified Deal-Grove equations. Excellent thickness uniformity was 
obtained for typical growth conditions. 

EXPERIMENTAL 

All experiments were performed in a Heatpulse 8800 rapid thermal processor 
equipped with a ceramic shield and non-contact, closed loop temperature control. The 
system was also equipped with gas sensors, alarms, and other safety features required for 
toxic gas handling. The substrates were 200 mm, p-type, Si <loo> wafers. All wafers 
were ramped at a constant rate of 60°C/s to the processing temperatures of 95OoC or 
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1O5O0C. Cooling occurred radiatively. Mixtures of 25% or 50% NO in 0 2  were flowed 
over the wafers at atmospheric pressure from the start of the ramp step until the process 
cycle was complete. After processing, the wafer cooled to 35OoC in a constant flow of 
20 slm of nitrogen before it was removed from the oven. The oxynitride film 
thicknesses were measured using a single wavelength, Gaertner Scientific Corp. 
ellipsometer (h = 632.8 nm), assuming a constant refractive index of 1.4. Uniformity 
data was obtained by 49 point mapping with a UV Tencor 150 SE spectroscopic 
ellipsometer (3 mm edge exclusion). 

RESULTS AND DISCUSSION 

The classical Deal-Grove linear parabolic equations define thermal oxide growth 
kinetics using a set of diffusion and temperature dependent parameters. The validity of 
these equations has been well established for thicker (>500 A) oxides (8). However, it 
has been observed that growth rates of Si02 in the thin regime are higher than those 
predicted by the Deal-Grove model (9). Massoud, et al., have formulated a new 
equation, which is presented below for the case of lightly doped substrates (9). 

&/at = B/(2x+  A) + Cexp(-x/L) [11 

Where x is the oxide thickness after time, t. The term C represents a departure from 
the classical Deal-Grove linear parabolic model and is included for thin oxides to 
account for increased oxidation sites below the surface (9). L is constant for a given 
wafer orientation. Typical values of L for RTO are 10-15 A (10). It is seen that for 
thicker oxides, the last term on the right hand side of equation (1) approaches zero. 
When the resulting differential equation is solved it yields the standard Deal-Grove 
linear-parabolic model. Therefore, Deal-Grove kinetics can be viewed as a special case 
of equation 1 for thick oxides. 

The excess growth rate (C) depends on the incorporated nitrogen (N), temperature 
(T), and oxide thickness (x). Term A is a function of the reaction rate constant (k) and 
the diffusion coefficient 0). Term B is a function of the diffusion coefficient, which in 
turn depends on the temperature, thickness, and incorporated nitrogen. Finally, the 
incorporated nitrogen is a function of partial pressure of NO (P), temperature, and time. 
These relationships are expressed quantitatively in equations 2-6 below. 

C, and Ci are constants that are independent of wafer orientation and are defined in 
reference (8). Equations 1-6 can now be combined into a single unified differential 
equation expressed as: 



a x / a t = ( 2 f  (h(T,t, P ) ,T7x) (Co /Ci ) ) l (2x+2f  (h(T,t, P ) , T , x ) l k ) +  

A Fourth order Runge-Kutta method is used to solve this equation and plot the 
theoretical thicknedtime curves. In order to avoid complications due to different ramp 
rates and bring in times, t = 0 is defined as the end of the ramp step. Initially, L 
(Equation 1) and C were obtained from curve fitting with unnitrided (P = 0) growth 
curves as described in our earlier work (10). The nature of the dependence of the 
diffusion coefficient (D) on the incorporated nitrogen (N), and N on temperature, NO 
partial pressure, and time was determined from published data (11-13) and is not 
reproduced here. Experimental and theoretical curves are compared in Figures 1 and 2. 

This model assumes that the dominant growth limiting step is the diffusion of oxygen 
across the dielectric layer, which challenges work that attributed the reduction in growth 
rate to nitrogen occupation of oxidation sites at the Si surface (14). We believe this 
assumption is valid because NO processing results in films with relatively high nitrogen 
concentrations (4) and Okada, et al., have shown growth retardation due to limited 
diffusion at nitrogen concentrations above 0.9% (7). With our model, nitrogen 
incorporation (atoms/cm2) can also be calculated, increasing the usefulness of the model 
since resistance to boron penetration and hot carrier effects depend on nitrogen 
incorporation. Further, using a similar set of equations it is possible to predict growth 
rates and nitrogen incorporation for 2- and 3-step dielectric film growth. 

Discrepancies between the model and the experiment arise because there is no 
unambiguous way to quantify nitrogen incorporation in the dielectric as a function of 
growth parameters. In addition, there is no straightforward way to relate the oxygen 
diffusion coefficient to incorporated nitrogen. Equations of the form published for boron 
diffusion through oxynitrides (13) were used with suitable modifications. This 
extrapolation may lead to errors since the growth kinetics depends on the oxygen 
diffusion coefficient. Nonetheless, there is good agreement in the regime of practical 
interest for the formation of ultrathin gate and tunnel dielectrics. Therefore, this model 
provides a good basis for the development of thin oxynitride dielectric films for 
advanced applications. 

Figure 3 shows a thickness contour map for a wafer processed using 50% NO in 0 2  at 
1O5O0C for 30 s. It should be noted that the wafer uniformity (1 sigma = 0.8%) is better 
than what is expected from an analysis of the Heatpulse 8800 specifications and the 
temperature sensitivity of the observed oxynitride process. 

CONCLUSIONS 

A model is proposed that shows good agreement between experimental and 
theoretical growth curves. This model provides insights into the oxynitride growth 
process and can be used to theoretically determine growth kinetics for dielectric 
thicknesses of practical importance to advanced gate and tunnel dielectric applications. 
A user-friendly version of this model is being implemented for more convenient 
computation of film thicknesses. 
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Figure 1: Experimental vs. predicted growth curves at lO5O0C. 
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Figure 2: Experimental vs. predicted growth curves at 950OC. 


