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                        ABSTRACT

      The self-limiting oxidation method has been
frequently used to fabricate the nano-scale (e.g., sub-5
nm) Si columns and widely reported in the recent
literature [1, 2]. However, few theoretical modeling
has been carried out to quantitatively describe the
observed oxide growth behavior in such a small scale.
      Under an incompressible-oxide assumption, we
extend a conventional 2-D model to give a closed-form
solution for the nanoscale oxide growth. The model
predicts the self-limiting growth behavior quite well.

                      1  INTRODUCTION

      The early work on self-limiting oxidation by Liu et
al. [1] combined the electron-beam lithography and dry
thermal oxidation to yield nanowires in different
feature size. In the dry oxidation at CT o875= , four
different starting radii of Si column were chosen in
their experiment. The Si cores shrank due to the
consumption of Si by O2 and their column radii finally
saturated to four different asymptotic values which
depend on the starting radii.
      A model developed by Kao et al. [3] to describe the
stress effects in wet oxide is found suitable for
studying the self-limiting dry oxidation after some
extensions. The experimental results are quantitatively
explained in this paper by suggesting that the
accumulated stress slows down the chemical-reaction
rate.

         2  THEORETICAL ANALYSIS

      Extending the Deal-Grove model to 2-D conditions
with appropriate boundary conditions in cylindrical
coordinate, the oxidation rate for a Si column can be
expressed as:
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where all the symbols are following the definitions in
[3]. The geometry is shown in Fig. 1. On the other
hand, Si core radius a  and the column (including SiO2

layer) radius b  are not independent variables.

      We assume an incompressibe fluidic oxide and the
relation between a and b can be derived using volume
conservation of the produced SiO2. The ratio of
produced SiO2 volume to the consumed Si volume is
known about 2.25:1 [3]. If the initial radius of Si core
is 

0a  and the initial radius of column is 
0b , then we

have:
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which leads to a simple relation,
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Combining (1) and (3), we have the following
equation,
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where 2/ aAy = . To take the mechanical stress effects
into account, Kao’s model is introduced as below:
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From the data for dry oxidation process [4], the linear
rate constant at CT o875=  is about:
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Fig. 1. Oxidized Si Column.
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provided that h  is much larger than 
0sk . Here 

0sk  is

the reaction rate constant without mechanical stress
effects. And we also have below approximation [4]:
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Combination of (4), (5), (6a) and (6b) yields the
following equation:
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Integrating above equation leads to:

dyy
y

A

yyA

y
aSExp

yA
y

dtt
y

y

t

}25.1ln6.6
25.11000

1
)]

25.1

1
1()([{

)5.0
25.1

625.0
(80

0

2/3

0 0

−+
−

+
−

−

+
−

== −∫∫

                                                                                    (8)
where 25.2/ 2

00 == aAy  is the initial value of y

obtained from equation (3). Even equation (8) is
complex, it is in closed-form and can be used to
calculate y as a function of t. This will further lead to
the values of a and b. The only parameters involved

are A  and 
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on the starting Si radius.
      The influence of stress on the diffusion constant
and solid solubility is supposed to be less important
than the influence on reaction constant. From fluid
dynamic analysis in [3], ηζ2  value varies with the
starting radius while remains constant everywhere in
the oxide (from ar =  to br = ). For starting radius of

uma 10 = , ηζ2  at Co875 is estimated using the results

of [3], e.g., the pressure p, α  and 0η  as a function of

temperature along with the relation of
)exp(0 p×= αηη ,

        )(10627.2)(2)(22 4 Naavrrv −×≈== ηηηζ

However, no similar calculation is performed in [3] for
nanoscale thermal oxide. To simplify this problem, we
apply scale analysis to estimate ηζ2  for four different
starting radii. It’s assumed that 

0)( aav ∝ and thus
2
0)( aaav ∝ . Then )(2 0aηζ  decreases by a factor of

2
0 )/1( amµ  from )(10627.2)1(2 4

0 Nma −×== µηζ . We

have checked this assumption with the available

calculations in [3], e.g., three starting radii of
mmm µµµ 0.1 and 75.0,5.0  at Co800 , and a close

agreement is found. In order to compare our simulation
with experimental data, we chose four starting radii, as
[1] did, )(25,20,15,1000 nmba ==  in the calculation.

The estimation is listed below:

             )(10627.2)10(2 8
0 Nnma −×==ηζ

             )(1091.5)15(2 8
0 Nnma −×==ηζ

             )(1051.10)20(2 8
0 Nnma −×==ηζ                 (9)

             )(1042.16)25(2 8
0 Nnma −×==ηζ

Above estimation is only approximate, but it will make
the calculation easier and still grasp the involved
physics.
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      The oxide growth rates for four different starting
radii are calculated using equation (8) and the
parameters in (9), and shown in Fig. 2. Basically, the
final asymptotic values predicted by the model are
close to those observed. This is a strong support of the
validity of our simulation. We also notice the model’s
deviation from the experiment at the beginning of
oxidation. When ht 1< , there is no significant
difference in oxide growth rate among four different
curves from our model. However, the data show that
noticeable difference exists. Also, the predicted
asymptotic oxide thickness is smaller than that
observed. Since the growth behavior is sensitive to the
value of ηζ2  which is only approximately estimated
using scale analysis, above deviations are not
surprising.

                     3  CONCLUSION

     In this paper, we present a simulation for the
nanoscale self-limiting oxidation. Under an
incompressible-oxide assumption, an extended 2-D
model is applied to interpret the observed data. The

Fig.2. The column oxide thickness as a function of
time predicted by the model. The starting radii are
10, 15, 20, and 25 nm respectively.



effects of accumulated stress on the reaction rate
constant for different starting radii in nanoscale are
estimated. A closed-form equation is obtained and the
oxide growth rates are shown. It is found that the
model predicts the self-limiting behavior of oxide
growth quite well.
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