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The continuously shrinking size of the modern
microelectronic device imposes challenging restrictions
on the quality of the silicon substrate, which is essentially
determined by the size and the distribution of the
precipitates known as microdefects. Most of the
microdefects formed in a growing silicon crystal, in the
Czochralski (CZ) process, are the agglomerates of
intrinsic point defects of silicon — vacancies and self-
interstitials. The quantification of the microdefect
distribution involves a solution of complex equations that
must be numerically solved. Traditionally, microdefect
dynamics is captured by decoupling the initia
incorporation of the point defects, which describes the
establishment of a concentration field of the dominant
point defects beyond a characteristic distance from the
melt/crystal interface and the subsequent formation of the
microdefects.™? Another approach is a rigorous numerical
simulation based on the Fokker-Planck approximations.®
The former approach cannot accurately capture the
microdefect distribution, because the concentration field
of the point defects is actually affected by their diffusion
toward the microdefects. The latter approach is
numerically expensive.

In any region of a growing CZ crystal, moving at the
crystal pull-rate, there exists a distribution of the
microdefects of varying sizes formed at different instants.
The microdefects can be reasonably approximated as
spherical clusters™™ The diffusion-limited flux of the
dominant point defects to the clusters is given by the
following equation:

Q =4/D, (Cj _Cj,e)]Rcl,j (T’t)‘]cl,j (7)dr

where the subscript | refers to the point defect species, cl
— to the clusters, and € — to the equilibrium conditions;
R(T,t) is the radius of the clusters present at the region
at time t but formed previously, at elapsed time 7, J (T)is
the nucleation rate of the point defects, and C is the point

defect concentration. To capture microdefect dynamics,
the concentration field (C) and the cluster size
distribution at al regions of a crystal are required. Hence,
the solution of the governing equations describing
microdefect dynamics is computationally expensive.* This
set of equations can be greatly simplified by replacing the
averaged cluster radius (that actually enters the above
equation for Qj) with the square root of the average of the
squared cluster radius, [ . The cluster population is thus
represented just by the total cluster density N and the
auxiliary variable U (that is equal to the total cluster

surface area divided by 477
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Using this formulation, the point defect consumption
rate by the clusters can be rewritten as

Q =47/D, (CJ _Cj,e)(u iNa | )}/2

The kinetic equation for the variable U follows from
the cluster growth kinetics, and N changes because of the
nucl eation:
ouU . \
?J = 5 D; (Cj _Cj,e)Ncl,j ? a—ilj =Ja,;®
where {J/is the density of the point defects in the clusters.
Thus, microdefect dynamics can be described by a set of
differential equations for C, N, and U. The new
formulation captures the representative average size of the
clusters and does not require the knowledge of the history
of formation and growth of the clusters.

The microdefect distributions in various CZ crystals
grown using time-dependent pull-rates were predicted by
the developed model. The model predictions agree well
with the experimentally observed  microdefect
distributions. The new model considerably reduces the
computational complexity and can be reliably applied in
the development of new processes.
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Figure 1. (a) The experimentally observed microdefect
distribution in a CZ crystal, where i-clusters represent interstitial
agglomerates and v-clusters represent vacancy agglomerates
(voids). (b) The model-predicted microdefect distribution is
shown through the distribution of the difference in the radius of
v-clusters and the radius of i-clusters. The positive numbers
indicate the v-cluster size and absolute values of the negative
numbersindicate thei-cluster size. Clusters of different type (i,
and v) do not coexist.



