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n 0 bxtension of the Deal-Grove Oxidation 
Model to Include the Effects of Nitrogen 

Sima Dimitrijev, Member, ZEEE, H. Barry Harrison, and Denis Sweatman 

Abstruct- Indications are that very thin dielectrics needed 
for future generations of integrated circuits will be in a form 
of nitrogen-modified oxide. A significant amount of experimental 
data on growth kinetics for oxides growdnitrided in N 2 0  has 
been gathered. It appears that nitrogen neutralizes growth sites 
at the oxide-silicon interface, which significantly slows down the 
oxidation process when N20 is used as an oxidizing ambient. 
In this paper, the classic Deal-Grove formulation is extended to 
include the concentration of the growth sites. Also, the continuity 
equation applied to the growth sites is used to determine the 
concentration of the growth sites. This model has been incorpo- 
rated into TMA SUPREM-3 process simulator, and the model 
parameters calibrated with available experimental data. This 
provides not only a tool needed for process simulation, but also 
a better understanding of nitrogen modified oxide films. 

I. INTRODUCTION 
HE quality of thermally grown Si02 films enabled fabri- T cation of MOSFET’s in 1960 [ 11. The process of thermal 

oxidation has been the cornerstone of silicon technology 
ever since. It has been evident for some time, however, 
that pure Si02 does not have the physical and electrical 
properties necessary to sustain the continuing reduction in 
device dimensions [2]. There is substantial evidence that 
incorporation of nitrogen, in one form or another, signifi- 
cantly improves the properties of the ultra-thin oxide films. 
In particular, oxides grown or nitrided in N20 have shown 
significant improvements over their pure oxide counterparts 
[3]-[8]. We have obtained results [9]-[l I] indicating that ox- 
ides grownhitrided in N O  could provide even better electrical 
and physical properties. It is very likely that a solution for 
the gate dielectrics needed for future generations of integrated 
circuits will be found in some kind of nitrogen-modified oxide. 

The current understanding and modeling of the thermal 
oxidation process is based on the classic Deal-Grove for- 
mulation [12]. This approach fails to account for the effects 
observed in N20 and N O  growdnitrided oxides, in particular 
the reduced growth rate that almost saturates with time. We 
have suggested neutralization of oxide growth sites by nitrogen 
as a possible cause for this effect [13], a hypothesis that is 
supported by the work of Tobin et al. [14]. This hypothesis 
is also consistent with the results that show reduced rate of 

interface-trap generation in N20 grownhitrided oxides [3], 
[4], [6]-[8], indicating that the nitrogen creates very strong 
bonds at the oxide-silicon interface which replace the weak 
bonds likely to generate interface traps. 

This paper extends the Deal-Grove formulation to take into 
account the effects of growth-site neutralization. It is the aim 
of the paper to provide a better understanding of nitrogen mod- 
ified oxide films, as well as to provide the basis for a growth- 
kinetics model needed for process simulation. The process 
simulation aspect is discussed in terms of the models and 
approach used in TMA SUPREM-3 process simulator. [ 151 

11. GROWTH KINETICS THEORY 

A. Deal-Grove Formulation and TMA 
SUPREM-3 Oxidation Model 

The widely accepted Deal-Grove approach to oxide growth 
modeling [12] is based on the consideration of three consecu- 
tive fluxes of the oxidizing species: (i) flux due to diffusion of 
oxidizing species from the surface of the already grown oxide 
to the interface, Js ,  (ii) flux due to chemical reaction of the 
oxidizing species with silicon at the interface, JR, and (iii) 
flux due to the incorporation of the oxidizing species in the 
oxide, Jo .  These fluxes are expressed as [12]: 

dx 
d t  

JO = CO,-- (3) 

where CO, CS and CO, are the concentrations of the oxidizing 
species at the surface of the oxide, at the interface and in 
the grown oxide, respectively, D is the diffusion coefficient, 
k ,  is the interface reaction rate constant, and 2 is the oxide 
thickness. Using that JS = J R  = JO in the steady state, the 
following equation is obtained: 

, ,\ 
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which can be expressed as 

(5) 
B - dx 

dt  2 z + A A ’  

where A = 2D/k, and B = 2DCo/Co,. 
The Deal-Grove model (5) predicts a linear oxide growth for 

x << A/2,  and a parabolic growth for x >> A/2. Accordingly, 
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B / A  is referred to as the linear rate constant and B as the 
parabolic rate constant. However, experimental results show 
that the linear oxide-growth model, 

dx B - CO 
- - - k , -  
d t  A -  Cox 

- - 

underestimates the actual initial growth. As this effect cannot 
be neglected in sub-20nm oxides, and a generally accept- 
able theoretical approach has not been established, different 
empirical terms have been used to account for the so-called 
accelerated initial growth. In TMA SUPREM-3[15], for ex- 
ample, a growth rate constant T t h s n  is added to account for 
the accelerated initial growth: 

(7) 

The dependencies of the parabolic (B),  linear (B/A)  and the 
initial (rthin) growth rate constants on growth temperature 
(T) ,  pressure of the oxidizing gas ( P )  and substrate doping 
concentration (C) are given by [15]: 

and, 

C, in expr. (9) is the normalized vacancy concentration at the 
semiconductor surface, while all other symbols in exprs. (8) - 
(10) represent different model parameters. It should be noted 
that some of the parameters have different values at higher 
and lower oxidizing temperatures. 

The trend in semiconductor technology is toward the use of 
thinner oxides. In the case of sub-20nm oxides grown on a 
low-doped substrate at P = latm, the model used in TMA 
SUPREM-3 reduces to 

where the first term represents the linear rate constant, while 
the second term is the initial growth constant. 

B. Extension of Deal-Grove Formulation 

It is assumed in the Deal-Grove model that the oxidation 
reaction at the interface is limited only by the concentration 
of oxidizing species at the interface (CS).  Expression (2) of 
the Deal-Grove formulation clearly expresses this assumption. 
This excludes the possibility that the concentration of the oxide 
growth sites available at the interface influences the oxidation 
kinetics. In order to include the concentration of growth sites 
(C,,) as a possible factor in the oxidation reaction, we modify 
(2) as 

J R  = rCgrCs (12) 

where r is a reaction constant independent of the concentration 
of growth sites. 

In oxides grown in NzO, it becomes necessary to involve 
C,, in the oxidation model because there are two species 

involved, oxygen and nitrogen, that are competing for growth 
sites at the interface. This becomes especially obvious 
if it is assumed that the bonds that the nitrogen creates 
are much stronger than the strained oxygen bonds at the 
interface, which is seen as neutralization of the growth sites 
by the nitrogen atoms [13], [14]. The effect of oxidation 
rate reduction due to the incorporation of nitrogen in the 
growth sites, can only be modeled if the concentration of 
the growth sites C,, is included. 

The introduced modification of expr. (2 )  also changes the 
equation for the linear rate constant (6) ,  which now becomes: 

Introducing a new variable into the model, namely Cgr, 
means that a new equation is needed. We suggest that the conti- 
nuity equation is applied to the oxide growth sites Cgr. Assum- 
ing that the growth sites exist only at the semiconductor-oxide 
interface, the continuity equation can be written as 

where G and R are the rates of generation and the recombi- 
nation of the growth sites, respectively. 

The assumption that the growth sites exist only at the 
semiconductor-oxide interface is taken to preserve the spirit 
of the Deal-Grove formulation which considers the interface 
reaction as the one that leads to oxide thickness increase. This 
is consistent with the recent experimental results by Gusev et 
aE. [14], suggesting that the growth sites are basically suboxide 
states existing in the transition region between the silicon and 
the silicon-dioxide. This transition region is the "interface" be- 
tween the silicon and the silicon-dioxide in the Deal-Grove ter- 
minology. Any possible diversity of chemical reactions inside 
the transition region is not considered in the Deal-Grove for- 
mulation which simply takes the overall effective reaction rate. 

Remaining in the scope of developing a growth-kinetics 
model, any generationhecombination processes in the bulk of 
the oxide are ignored. This, however, by no means suggests 
that they do not exist. Take the example when the nitrogen 
is found only at the semiconductor-oxide interface, and not in 
the bulk of the oxide (this is generally the case of RTP grown 
oxides in Nz 0). These results indicate that the generation- 
recombination processes in the bulk of the oxide lead to the 
liberation of nitrogen and replacement by oxygen, which is 
consistent with the fact that the silicon- nitrogen bond is 
weaker than the silicon-oxygen bond in the bulk of the dielec- 
tric (these data should not be confused with the strength of 
the bonds created by nitrogen at the interface when compared 
to the strained interface silicon-oxygen bonds). In a further 
development of the model, the continuity equation (14) can be 
extended to involve the bulk processes as well. In this paper, 
we consider the interface reaction only, to remain in the scope 
of the Deal-Grove formulation. 

C. Expression for the Concentration of Growth Sites 

An expression for the concentration of the growth sites 
can be obtained if (14) is solved. It is assumed that there 
is an Arrhenius-type dependence of the generation rate G on 
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Fig. 1 .  
- experimental data: (a) [18], (b) [19], (c) [17], (d) [20], and (e) [21]. 

Growth kinetics of oxides grownhitrided in NzO on low-doped < 100 > silicon substrates: lines - simulation with the new model; symbols 

temperature: 

(15) 

where EA is the activation energy and Go is a temperature 
independent constant. 

While the generation is driven by the temperature (ther- 
mal energy), the recombination appears due to existence of 
recombining species and sites to be recombined. Therefore, 
the recombination rate primarily depends on the concentration 
of the recombining species and the sites being recombined, 
while any temperature effects can be considered as second- 
order effects. In this case, the recombining species are the 

- E a / k T  G = Goe 

oxygen, nitrogen and silicon, while the sites being recombined 
are the oxide growth sites Cgr. It is not necessary to involve 
the concentration of the recombining species in the model, 
as their concentration can be assumed to be constant during 
the oxidation process. This is not the case, however, with the 
growth sites, especially when it is assumed that they are being 
effectively neutralized by one of the recombining species. 
Therefore, the recombination rate can simply be expressed as 

(16) 
1 

R = - Cg, 
7- 

where 1/7- is a constant. 
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0 

Combining (14)-( 16), the following differential equation is 
obtained: 

0 
I I I 

(17) 

I I I 

The solution of (17) can be expressed as 

where Cg,(0) is the concentration of growth sites at t = 0. 
In order to simplify expr. (18), it is assumed that C,,(O) 

follows the same temperature dependence as the generation 
rate G, thus C,,(O) oc ezp(-EA/kT).  This assumption is 
correct as long as C,,(O) can be considered as independent of 
any neutralization of the growth sites by nitrogen. Effectively, 
this means that none of the generated growth sites at t = 0 are 
immediately recombined (neutralized) by nitrogen. With this 
assumption, expr. (18) can be rewritten in a simpler form as: 

- E A / k T  + a e - - t / ~ e - - E ~ / k T ,  (19) 

where l,, and a,, are time and temperature independent 
constants. 

c g ,  = lgre gr 

D. TMA SUPREM-3 implementation 

For thin oxides, the approximation that CO M Cs is 
equivalent to the approximation E << A/2 used to obtain the 
linear oxide-growth model. Using the thin oxide approximation 
CO FZ Cs along with the steady state condition J s  = JR = Jo, 
(1), (3) and (12) lead to (13) for the growth rate of thin oxides. 
Using that the concentration of the growth sites in (13) is given 
by (19), the growth rate is obtained as: 

Expression (20) is very similar to (1 1), which is obtained from 
the model used in TMA SUPREM-3. The parameters can be 
transformed in the following way lo = r(Co/Coz)lgr, and 
a0 = r(Co/Cox)agr, which makes the similarity even more 
obvious: 

(21) 

The first term in (21) is identical to the first, so-called linear 
rate term of (1 1). The only difference is in the second, so-called 
initial rate term, in that e-r/xa used in TMA SUPREM-3 
appears as in (21). At first glance there appears to be no 
advantage in using the term e&/' instead of the term 
as the longer oxidation time t corresponds to a larger oxide 
thickness 2. This may well be correct for oxides continuously 
grown in one environment, however the situation changes 
when oxides initially grown in dry 0 2  to a certain thickness 
EO are further treated in an N 2 0  environment. If oxides with 
different initial oxide thicknesses 20 are used, the difference 
between e-x/xa and e-t/r terms becomes obvious. Namely, 
(11) predicts different growth rates due to different oxide 
thicknesses 2, while (21) predicts the same growth rate during 
NzO oxidation, regardless of the differences in the thickness 
of the initially grown oxide EO.  The experimental data [17] 
confinn the prediction of the model with the 

- - l o e - E a / k T  + aOe- t /Te -Ea /kT  dx 
dt 
- 

term. 
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Fig. 2. Growth kinetics of oxides grown in NzO on implanted < 100 > sli- 
con substrates: lines - simulation with the new model, symbols -experimental 
data [9]. 

While the above discussion shows that the existing TMA 
SUPREM-3 model cannot be used for the oxides grown in 
N20, it also shows that the simplest adaptation can be made 
by replacing the variable z in the initial rate term by the 
variable t. All other equations and terms in the oxidation 
rate model ((7)-( 11)) can be retained. This is justified as the 
effects of substrate doping concentration and the pressure of 
the oxidizing gas, as well as the effect of parabolic growth rate 
in the diffusion-limited region, are qualitatively the same as in 
the case of oxidation in 0 2  or H20.  Alike the situation where 
different values of model parameters are used for oxidation in 
0 2  and H20,  a new set of values of the model parameters 
have to be established for oxidation in NzO. 

111. EXPERIMENTAL RESULTS AND 
MODEL PARAMETER EXTRACTION 

A number of experimental results on the growth kinetics for 
oxidation in N20 have appeared in the literature [ 171-[21]. 
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Fig. 3. Growth kinetics of oxides grown in NzO on low-doped < 111 > sil- 
icon substrates: lines - simulation with the new model; symbols -experimental 
data [9], [22]. 

These results involve different oxidation times (from few 
seconds to 120 m ), different oxidation temperatures (from 
885°C to 12OO0C), different pressures of the oxidizing gas (1 
atm and 500 torr), and different initial oxide thicknesses (up 
to 15 nm). All these results are, however, for oxides grown on 
low doped < 100 > silicon. Sun et al. [22] published some 
experimental results for N 2 0  oxides grown on < 111 > low 
doped substrate, using very long times to show the parabolic- 
growth effect. These results complement our data for low 
doped < 111 > substrates [20], which were obtained with 
short oxidation times to emphasize the thin oxide regime. 
In addition, we obtained the first results on N 2 0  growth 
kinetics using < 100 > substrates implanted with boron and 
phosphorus with medium and high doses [9]. 

All these results were used to provide a unique and as 
comprehensive as possible set of parameters for the oxidation 
model described in the previous section. The values of the 
extracted parameters are given in Table I. The parameters that 
could not be extracted due to lack of experimental data are 
labeled as nc. This indicates that TMA SUPREM-3 default 
values for dry oxidation were assigned to the parameters 
labeled by nc when performing simulations of oxidation in 
N 2 0 .  The simulation results (lines) are shown along with 
the experimental data (symbols) in Figs. 1-3, for oxidation on 
low-doped < 100 > substrates, implanted < 100 > substrates, 
and low-doped < 111 > substrates, respectively. It can be 
seen that a good agreement between the experimental data 
and the simulation using a single set of parameter values in 
TMA SUPREM-3 is achieved. The differences between the 
model and the experimental data appear to be well within 
measurement errors. 

Iv. SUMMARY AND CONCLUSIONS 

The continuing trend toward miniaturization of silicon de- 
vices is enforcing development of ultra-thin gate dielectrics. 

TABLE I 
VALUES OF THE EXTRACTED MODEL PARAMETERS FOR OXIDATION IN N z o  

Symbol 

< 100 > 

Value Unit 

29.5 

1.02 

0.617 

0 

2.8 

1.02 

2.8 

1588 

1.295 

nc 

nc 

nc 

nc 

nc 

nc 

nc 

pmlmin 

eV 

min 

pmlmin 

eV 

eV 

< 111 > 

Value Unit 

2.96 pm/min 

0.655 eV 

0.304 min 

nc 

0.127 pmlmin 

0.655 eV 

ne 

ne 

ne 

0.931 pm2/min 

1.1932 eV 

nc 

ne 

nc 

nc 

nc 

While thermally grown Si02 has been used as a gate dielectric 
ever since the era of silicon devices began, it appears that 
the electrical and physical properties of pure Si02 are not 
good enough to provide acceptable ultra-thin gate dielectrics. 
It has been found, however, that oxides grown or nitrided 
in N 2 0  exhibit significantly improved electrical and physical 
properties. The growth kinetics of these oxides is dramatically 
different to the kinetics of oxides grown in dry 0 2  or H 2 0 .  
The currently used models for growth kinetics, based on 
classic Deal-Grove formulation, fail to account for the effects 
observed in NZ 0 growdnitrided oxides, in particular reduced, 
almost saturating growth rate. 

It is assumed in the Deal-Grove model that the oxidation 
reaction at the interface is limited only by the concentration of 
oxidizing species at the interface. This excludes the possibility 
that the concentration of the growth sites available at the 
interface may influence the oxidation process. In the oxides 
grown in N 2 0 ,  however, the nitrogen species "neutralize" the 
growth sites which slows down the oxidation reaction. 
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In this paper, the Deal-Grove formulation has been extended 
to include the concentration of the growth sites. Also, the 
continuity equation applied to the growth sites has been used to 
determine the concentration of the growth sites. This model has 
been incorporated into TMA SUPREM-3 process simulator, 
and the model parameters calibrated with the experimental 
data available. This provides not only a needed tool for 
process simulation, but also a better understanding of nitrogen 
modified oxide films. 
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