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ABSTRACT

As a virtual experimental device for analysis and calculation of grown-in microdefects formation in undoped silicon
dislocation-free single crystals the software is proposed. The software is built on the basis on diffusion model of
formation, growth and coalescence of grown-in microdefects. Diffusion model describes kinetics of defect structure
changes during cooling after growth on crystallization temperature to room temperature. The software allows the use of
personal computer to investigate the defect structure of dislocation-free silicon single crystals with a diameter on 30

mm to 400 mm grown by floating-zone and Czochralski methods.
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1. Introduction

A vast majority of modern microelectronic and nano-
electronic devices are built on the monocrystalline sili-
con substrates produced from the crystals grown by the

Czochralski (CZ) process and the float-zone (FZ) process.

Many of the advances in integrated-circuit (IC) manu-
facturing achieved in recent years would not have been
possible without parallel advances in silicon-crystal
quality and defect engineering. These studies are now
approaching values that will allow the silicon starting
material to be used in the production of critical com-
ponent dimensions below 18 nm [1].

Silicon crystals grown by the Czochralski process and
floating zone method typically contain many structural
imperfections termed grown-in microdefects. Grown-in
microdefects degrade the electronic properties of micro-
devices fabricated on silicon wafers. Optimizing the
number and size of grown-in microdefects is crucial to
improving processing yield of microelectronic devices.
The problem of defect formation in dislocation-free sili-
con single crystals during their growth is a fundamental
problem of physics and chemistry of silicon. This pro-
blem is key to solving other complex problems in phy-
sics, chemistry, materials science and engineering appli-
cations of silicon crystals.
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Currently, as a result of many studies of dislocation-
free silicon single crystals obtained various experimental
data concerning the formation and interaction of point
defects, has accumulated vast experience in growing
perfect crystals [1,2]. It was established that grown-in
microdefects are precipitates of impurities, interstitial
dislocation loops and vacancy microvoids [3,4]. How-
ever, experimental studies require large material and time
costs, while theoretical studies are carried out for single
crystals with selected fixed parameters of their growth
[5,6]. Consequently, it is necessary to develop a new
method for studying the defect structure of silicon with-
out these drawbacks. This method allows to simulate a
real experiment by the software.

The aim of this work is to develop a new method of
research of grown-in microdefects in dislocation-free
silicon single crystals, based on IT-technologies.

2. Experimental Technique

Physical model of software system based on the dif-
fusion model formation of microdefects. In turn, the
diffusion model of formation microdefects is based on
the following experimental data: 1) the recombination of
intrinsic point defects at high temperatures can be neg-
lected [7]; 2) background carbon and oxygen impurities
are involved in the defect formation as nucleation centers
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[3]; 3) the decay of the supersaturated solid solution of
point defects when the crystal is cooled from the cry-
stallization temperature occurs in two independent ways
(branches): vacancy and interstitial [2]; 4) the basis of
the formation defect is the elastic interaction between the
impurities and intrinsic point defects [8]; 5) when the
crystal is cooled at temperatures below 1150°C, depend-
ing on the thermal growth conditions, vacancy micro-
voids or interstitial dislocation loops are formed [3]; 6)
the vacancy microvoids or interstitial dislocation loops
are formed due to the coagulation (vacancy microvoids
and interstitial dislocation loops) and deformation (inter-
stitial dislocation loops) effects [9]; 7) the formation of
vacancy microvoids or interstitial dislocation loops con-
trolled growth parameter Vit /G = &> where Vg is the

crystal growth rate and G is the axial temperature gra-
dient (vacancy microvoids are formed at v ;g > ¢,
9

and interstitial dislocation loops arise at V, /G < &)

[2,10].

Diffusion model of the formation of grown-in micro-
defects assumes that the defects formation in disloca-
tion-free silicon single crystals upon cooling occurs in
three stages: 1) the formation of impurity agglomerates
near the crystallization front [8], 2) formation, growth
and coalescence of impurity precipitates upon cooling
from the crystallization temperature [6]; 3) formation of
vacancy microvoids or interstitial dislocation loops (de-
pending on the growth of the parameter V,/G at

temperature T <T_—270°C, where T is the melting

temperature) [9].

In the diffusion model of formation grown-in micro-
defects all the parameters of precipitates, vacancy mi-
crovoids and interstitial dislocation loops are determined
through the thermal conditions of growth. Therefore,
definition the type of defect structure and calculation of
the formation of microdefects is conducted depending on
the values of crystal growth rate, temperature gradients
and cooling rate of the crystal.

Determination of the type of the defect structure
carried based on the standard pictures of the selective
etching of grown-in microdefects depending on the cry-
stal growth rate. In Figure 1 shows such distribution for
a crystal with a diameter of 50 mm grown by the Czo-
chralski [2]. V-shaped distribution of precipitates of oxy-
gen and carbon (or OSF-ring in the plane (111) after
thermal treatment of the crystal, where OSF is the oxida-
tion stacking fault) determined of the growth parameter
Vit /G =& If V,/G>¢ precipitates observed inside
and above the V-shaped distribution and when
V,/G<¢& observed precipitates and interstitial disloca-
tion loops [2].
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Figure 1. Standard pattern of distribution of grown-in mi-
crodefects in dislocation-free silicon single crystals grown
by the Czochralski method with a variable rate of growth
(Vmin= 0.5 mm/min; Vo= 3.0 mm/min; diametr is the 50
mm).

Increasing the diameter of the crystal leads to a change
in temperature conditions of growth and dislocation-free
crystal growth in a limited range of rates [11]. In this
case the conditions of existence only of the V-shaped
distribution of precipitates are executed. Inside the
V-shaped distribution of precipitates exist precipitates
and vacancy microvoids. The formation of vacancy mi-
crovoids occurs when the crystal diameter is the greater
than 80 mm [12]. Outside the V-shaped distribution of
precipitates are formed precipitates and interstitial dislo-
cation loops.

V-shaped distribution of precipitates depends on the
parabolic radial distribution of the axial temperature gra-

dient: G(r)=G, +(G,-G,) (r/R,)*, where R_ is
the radius of the crystal; I' is the current coordinate in
the range from 0 to R, G, is the axial temperature

gradient in the center of the crystal, G, is the axial

e
temperature gradient at the edge of the crystal. In the
case of W-shaped distribution of precipitates [13] de-
pendence of G(I) can be approximated by two para-
bolic distributions.

To calculate the formation of grown-in microdefects
been used two mathematical approaches: the analytical
calculations (I) and approximate calculations (II). In the
case of (I) it is a solution of differential equations of the
dissociative diffusion [12]. In the case of (II) solution is
sought in the form of systems of interconnected discrete
differential equations of the quasi-chemical reactions to
describe the initial stages of nucleation of new phases,
and a similar system of continual differential equations
of the Fokker-Planck equation [§].

3. The Structure of the Software System

The object of research is the process of defect formation
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during crystal growth. Mathematical models of the for-
mation of grown-in microdefects give the equivalent of
an object, which in mathematical form reflects the most
important of its properties. Electronic equivalent of an
object for direct test on the computer are programs that
converted the mathematical models and algorithms to the
available computer language (C++). The program is
written high-level language programming in C++ com-
piler Borland C++ Builder. Program complex consists of
two consecutive parts: 1) the unit determination the type
of defect structure and 2) the unit of calculation and
graphs (Figure 2).

At the stage of determining the type of the structure
defect of software system works as follows. Initially is
the choice of method of growing dislocation-free silicon
single crystals (Czochralski method or the floating-zone
method) and then is the choice of certain diameter of the
crystal. The ratio of Vo /G = & theoretically and ex-

perimentally determined in a certain range of values
(0.06 mm* / K'min < & < 0,3 mm”/ K-min). Therefore,

we choose the certain value & for the calculation.

For a given diameter in a certain range of values are se-
lected: the value of the axial temperature gradient in the

center of the crystal (G, ) and the value of the minimum

vV

min

) and maximum (V__

) crystal growth rate. These
values are determined from the analysis of experimental
and theoretical data for different diameters of the crystal.

Then produced choice of the axial tempera- ture gradient
at the edge of the crystal (Ge) in the range % =1.0..

2.5.

The reliability and accuracy of the computational ex-
periments can be experimentally verified by means of
selective etching crystal of the plane which passes thr-
ough the center of the crystal and parallel to the direction
of growth. In case of deviations can by using of the se-

lection of parameters Ga,Ge,f achieve full compli

Software
for analysis and calculation

of grown-in microdefects
in dislocation-free

silicon single crystals

Enter

Figure 2. Original form of software system
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ance with theoretical and experimental data. In addition,
this technique avoids the difficulties of experimental

determination of the G,

and G,, especially for large
diameter crystals.

At the last stage of determining the type of defect
structure on the resulting dependence of the critical

growth rate V ,(r)=¢&-G(r) is imposed value of

real crystal growth rate V = const (Figures 1 and 3).
This procedure allows determining the type of defect
structure of a real crystal. Depending on the position of

the line V =const relative to the curve V., (I)

=£-G(r) may be three areas of the defect structure.

Calculation of these areas produced the block of calcula-
tion and graphs (Figure 4).

The first area of the calculation is characterized by
high rates of crystal growth, when the above V-shaped
distribution of precipitates formed only vacancy micro-
voids and precipitates. The second area of calculation is
characterized by the average growth rate of the crystal,
when a ring of precipitate in the plane perpendicular to
the direction of growth crystal is formed. In this case
inside the ring are formed precipitates and vacancy mi-
crovoids, outside the ring are formed precipitates and
interstitial dislocation loops. The third area of calculation
is characterized by low rates of crystal growth, when the
below V-shaped distribution of precipitates are formed
precipitates and interstitial dislocation loops (Figure 3).

Calculation of the precipitates is carried out within the
classical theory of nucleation, growth and coalescence of
precipitates by means of the analytical and approximate-
calculations. Critical radius of precipitates, the distribu-
tion of precipitates in size, change in the average size of
precipitates during the cooling of the crystal, and other
parameters of the precipitation of carbon and oxygen are
determined (Figure 4). Mathematical models and calcu-
lation parameters are given in [6,8,9,12].

When calculating the vacancy microvoids initially are
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Figure 3. Shape analysis of the defect structure
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tested of conditions their formation, since vacancy mi-
crovoids are not formed at a cooling rate of the crystal

V_, > 40K /min[14] and in crystals with a diameter

cool
less than 80 mm [12]. Calculation of the vacancy micro-
voids and interstitial dislocation loops to determines for
each of these types of defects such parameters as the
critical radii and the concentrations [9].

4. Conclusions

The program complex is the first experience of a virtual
experimental device for research the real structure of
dislocation-free silicon single crystals. Currently, it can
be used for the analysis and calculation of the defect
structure of undoped single-crystal silicon. Substitution
of experimental researches of structure of adequate theo-
retical studies using the program complex suggests that
the complex is a new virtual experimental device. Since
the technique of application software is original, it is the
new experimental techniques.

Disadvantages software system are determined de-
ficiencies of the diffusion model of formation grown-in
microdefects. These include: 1) one-dimensional model,;
2) failure to account for the width of the V-shaped dis-
tribution of precipitates; 3) uncertainty in determining of
thermal conditions of growth; 4) the error of approximate
numerical methods.

The software complex performs imitation of a real
experiment and with the maximum precision reproduces
the thermal characteristics of silicon single crystal grow-
ing. The software complex allows to determine the ther-
mal conditions of crystal growth, to predict and control
the defect structure of the crystal. Calculations formation
of grown-in microdefects are in good agreement with the
experimental results of research.

Approach to the analysis and calculation of forma-
tion grown-in microdefects has an important advantage
in simplicity, accessibility and sufficient adequacy of
mathematical modeling in comparison with other meth-
ods. For its implementation does not require supercom-
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Figure 4. Form of calculation of the defect structure
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puters, and can effectively use the experimental data,
experience and intuition of physicists, materials scientists
and technologists for the analytical calculation and de-
sign of the defect structure. The program complex is easy
to implement on a personal computer in technology and
research practices.
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