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The paper explores the feasibility of purifying semiconductor materials by removing impurity atoms within a
hydrostatic pressure gradient field. The study employs a computational experiment using a rapidly rotating disc with
a slot-type internal cavity filled with an alloy melt containing impurity atoms as a model. To perform the
calculations, a differential equation is formulated and solved, describing the movement of impurity atoms in
response to the pressure gradient generated by the disc's rotation. The speed of movement of impurity atoms in the
radial direction and the time of movement of atoms were determined by calculation.

INTRODUCTION

To execute these calculations, an algorithm and a
program were developed within the TurboPascal
environment. The calculations yielded results, including
the velocities of impurity atom movement along the
radial direction and the maximum duration of atom
movement along the inner and outer walls of the slot
cavity of the disc.

At present, a large number of methods and
technologies for deep purification of semiconductor
materials for electronic elements, solar energy and other
scientific and technical areas have been developed.

Wide application of high-purity materials implies
further increase of economic efficiency of their
obtaining, improvement of functional characteristics and
increase of the yield of the final product.

Physical methods of obtaining high-purity materials
are often enough used. A review of such methods is
presented in [1]. These methods are realised in solid,
solid-liquid and liquid phases [2-5].

The  distribution of impurity atoms in
heterostructures allows controlling a number of
properties of semiconductor systems. The most efficient
distribution of impurity atoms is possible by the method
of its fixation from the metal melt by crystallisation [6].

One of the important characteristics of melts
responsible for atomic transport is viscosity. Models for
estimating the kinetic parameters of melts are discussed
in [7-9].

Diffusion processes are no less important
mechanisms evaluating the redistribution of impurity
atoms in the metal melt. Bulk diffusion processes are
described in [10], diffusion mechanisms in disordered
systems are presented in [11], diffusion coefficients of
liquid metals are defined in [12]. Diffusion mechanisms
allow us to determine the migration of impurity atoms
in the volume of metal melt.

The pressure gradient causes some movement of
melt atoms. The interaction of bodies and liquid is
considered in [13]. In this paper, the ultimate ratios for
determining the flow of a liquid in circular rotation are
obtained, and it is established that a homogeneous liquid
rotates as a solid body.

Purpose of the work. To develop a mathematical
model and estimate quantitative parameters of the
impurity atoms motion of different grades in the
gradient pressure field of multicomponent melts.

MODEL DEVELOPMENT

We consider a melt consisting of a matrix medium
with density of p,, and N impurity atoms with density p;

(i=1.N). Part of impurity atoms have density below
pm, the rest of atoms have density above py,.

The mathematical model is developed under the
assumption that:

1. The volume density of the melt is weakly
dependent on the presence of impurity atoms. The
number of impurity atoms is small enough.

2. Impurity atoms are uniformly distributed
throughout the melt volume.

3. The electrochemical interaction of atoms is
assumed to be small enough and is not taken into
account.

4. Atoms do not form chemical compounds.

5. Diffusion rates of atoms are assumed to be
sufficiently small and are not taken into account.

6. The hydrostatic pressure is equal-dimensional
along the thickness of the melt layer.

7. The melt layer is sufficiently small. Under
hydrostatic pressure, the melt layer rotates like a solid.

The density of the melt p, is determined by the
mechanical mixture rule and is calculated by the

formula:
N

p,=2.Fpr,
i=1
where P; — is the volume content of atoms of variety i.
The density of atoms of variety i is determined by

Pi = (gﬂrig)l M,

where r; — is the radius of atoms of variety i; M; —
atomic mass of atoms of variety i.

A gradient pressure field is realised in a thin layer of
a rotating disc with melt at a speed of n revolutions per
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minute. Under these conditions, the centrifugal force
F.© acting on the atoms of variety i is determined by:

where R — is the initial position along the radius of
atoms of variety i; S; — the length of the path of motion
of atoms of variety i; p; — the density of impurity atoms
of variety i; r;— the radius of impurity atom of variety ;
n — the number of revolutions of the rotating disc with
the melt.

Power of friction resistance during the movement of
atoms in the melt:

FiR =—67u1 % r, 2

where F.R— is the frictional resistance force at the

movement of atoms of variety i; u — is the dynamic melt
viscosity.

The melt viscosity in (2) can be given by the ratio,
which takes into account the changes due to the creation
of a hydrostatic pressure gradient in the melt:

=ty =+ Sk ) (RE+S), @)

where uo — is the dynamic viscosity of the melt in the
free condition; k — is the coefficient determining the
change of the melt viscosity depending on the pressure
value.

The value of hydrostatic pressure of the melt at the

point (R? +S)):
F" =§(ﬁpmr,ﬁ)(2ﬂn)2(R? +S). @

where F" — is the force of hydrostatic pressure of the
melt; pn,— is the density of matrix melt atoms; ry,, — is the
radius of a matrix melt atom.

The inertial forces acting on the moving atoms of
grade i are defined by:

- 0°S. 4
R =—2 3™ A )
where F;" — is the inertial force acting on the atoms of

variety i.

Considering (1), (2), (3), (4), and (5) the general
equation for the motion of atoms of sort i in the melt
along the radius direction will be:

2
d ?i 'ﬂﬂﬂspi :ﬂﬂris(zm)zpi(Rio +Si) -
ot° 3 3 ©)

— 67, %ru _gﬂ(zm)z(rns]pm)(Rio +5)).

After algebraic transformations, equation (6) will be
written in the form:
oS, oS,
6t2'+aa'—ﬂ(Ri0+Si):O, (7)

0
ﬂo[mk(zm)zpmr,s F;;j

OCZE 2 ;

pit

where

100

r’p
=(2zn)*| 1— nfm |
A= )( rispij
Equation (7) must satisfy the boundary conditions:
— RO.
Silo =R (8)
0S.
— | =0 (9)
ot t=0

The solution of equation (7), taking into account
conditions (8) and (9), will have the form:

_2R%, i, 2R%K,

S = AR 10
Yok, -k, k, -k, ' (10)
where
2
a |a
k, =———.,[—+/;
=g
k., = _g + a_z +ﬂ
22 Va4 7
The speed of motion V,
ds, 0
Vi — L 2|(1k2R| [eklt— kot . (11)

dt - (kz - kl)
The motion of atoms along the radius direction from

the center or towards the center of rotation gives rise to
the Coriolis acceleration, which is defined in the form:

W, =axV, (12)
where 5 — the vector of rotation velocity; V — the
velocity of atoms moving along the radius.

The Coriolis force is defined by:

':ic :Wk gﬂ'rispi-

The Coriolis force ensures the motion of the atoms

of grade i along the direction of the circumferential

coordinate. When moving along the circumferential

coordinate, there is no hydrostatic pressure gradient and

the atoms of sort i are influenced only by the force

Coriolis (12) and the frictional resistance force of type

(2). In this case, the equation of motion of atoms of sort

i along the circumferential direction in scalar form can
be written:

iz_ﬂnﬁﬂﬂff i:67z;ui !

60 dt 3 dt

where S — is the path of motion of atoms of variety i

along the circumferential direction.

In (14), the “+” sign is for atoms moving from the
center of rotation, and the “-” sign is for atoms moving
towards the center of rotation.

By transforming equation (14) taking into account
(11), the ratio determining the speed of atoms moving
along the circumference is obtained:

dSi(P _ 27ani2pik1k2Ri0 ekl'[
dt  135(k, —k) g

Integration of equation (15) over time from 0 to t
results in the solution in the form:

(13)

dsy

L, (14)

_ gl

(15)
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s? =Ta-e)-Ta-e4), s
k Ky
where = 727[”“2'0 KikoR .

138k, k)
The total velocity ViE of motion of atoms of variety

i along the radial-circumferential direction is written:
z

dsS; TRy
Viz: dit - Vi2+(Vi¢)2:

where V;, V,? — are the velocities of motion of atoms

of variety i along the radius and circumferential
directions, respectively.

The relation (17), taking into account (11) and (15),
will be written as:

(17

2

dsz 0 2
i _ 2kKR (eklt_ekzt) 14| PPN (1g)
dt (k —ky); 1354

By integrating (18) over S from 0 to SiE and over

time from O to t, the length of the total path travelled by
an atom of variety i in time t is obtained:

0
S’ = Zka—ZRiHE(ekﬁ -1 +i(1—e"2‘)ﬂx
(kz - kl)i kl kz
> 2
x 1+ Zh ph .
1354

The tangent of the angle of inclination of the
circumferential velocity vector to the radial velocity
vector will be:

(19)

Ve zr’pn
tg() == T
V, 135y

The value of the angle of inclination of the

circumferential velocity to the radial velocity follows

from relation (20):

(20)

i’ pn
1354,

Ratio (21) shows that the angle of inclination of the
circumferential velocity vector to the radial velocity
vector depends on the rotational velocity n and remains
constant for atoms of variety i along the whole
trajectory of their motion.

CALCULATION RESULT

To realise the calculation experiment, a silicon melt
with uniformly distributed impurity atoms was used.
The component composition of silicon melt and the
characteristics of impurity atoms for the calculations are
presented in Table [14].

As a working unit of the experimental unit a
horizontally collapsible disc rotating on an axis is
chosen, consisting of hermetically assembled lower and
upper halves, in the inner flat cavity of which there is
silicon melt.

The impurity atoms of carbon, chromium and cobalt
have density higher than the density of silicon atoms

@ =arctg( ). (21)
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and they move in the direction from the inner radius of
the disc cavity to the outer one (curves 1-3, Fig. 1).
The density of phosphorus and boron atoms is lower
than the density of silicon atoms. These atoms move in
the direction from the outer radius of the disc cavity
wall to the inner radius (see curves 4 and 5, Fig. 1).

Initial data for calculations [14]

D
el sEe Sl_gy =S¢
NI EBEx|EBL|es283 =225
< |§RS|ZFET|I258 £33«
@ oy = © o
=
1 0.077 | 12.011 | 0.05 0.290
2 | B | 0091 | 10810 | 0.03 0.283
3 | cr| 0127 | 51.99 | 0.04 0.058
4 | Col| 0125 | 58933 | 0.02 0.057
5 | F | 0130 | 30.974 | 0.06 0.060
6 | Si | 0134 | 28.986 :Qset 0.050...0.29

The upper and lower halves of the disc are in a
temperature field, which provides a given temperature
of the melt. The radius of the inner wall of the disc
cavity is 50 mm and the radius of the outer wall is
300 mm. The motion of impurity atoms was calculated
both from the inner wall to the outer wall and from the
outer wall to the inner wall. The calculation was carried
out using the developed program in TurboPascal
language

Fig. 1 shows the trajectories of impurity atoms
motion as a function of process time. The calculated
speed of disc rotation was taken as 30000 rpm.
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Fig. 1. Trajectory of impurity atoms movement as a
function of process time (/— carbon atoms;
11— chromium atoms; /77— cobalt atoms;
N — phosphorus atoms; V — boron atoms)

Fig. 2 shows the curves of change of radial velocity
of impurity atoms depending on the travelled path from
the beginning of the process (I — carbon atoms; IT —
chromium atoms; III — cobalt atoms; IV — phosphorus
atoms; V — boron atoms).
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Fig. 2. Changes in radial velocity of impurity atoms
depending on the travelled path from the beginning
of the process

The velocities of impurity atoms depending on their
density at the maximum radius of 300 mm change from
1.5-10" m/s (boron) to 13.5:10 m/s (cobalt).

The velocities of impurity atoms, depending on their
density at the minimum radius of 50 mm, vary from
0.64-10™* m/s (carbon) to 2.5-10"* m/s (cobalt).

Carbon and boron atoms have a negative velocity
that is directed towards the center of rotation.

CONCLUSIONS

The final formulae for calculating the motion of
impurity atoms in the melt along the radius direction,
along the circumferential direction and the calculated
physical trajectory have been obtained. Quantitative
calculations have been carried out to determine the time
of motion of impurity atoms with density above the
density of the matrix melt from the radius of 50 mm to
the radius of 300 mm and impurity atoms with density
below the density of the matrix melt from the radius of
300 mm to the radius of 50 mm.
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MATEMATHUYHE MOJEJIOBAHHA PYXY JOMIIIKOBUX
ATOMIB Y I'PAJIEHTHOMY ITIOJII TUCKY PO3IIVIABIB

B.O. Ckauxos, O.P. Bepexcua, I.B. Kapnenko

[TokazaHO MOXJIMBICTH OYMIIECHHS HAIiBIPOBIJHUKOBHX MaTepialiB Bijl JOMIMIKOBUX aTOMIB y I'pa/lii€HTHOMY
OJII TiAPOCTATMYHUX THUCKIB. B sikocTi Mozesni Al po3paxyHKOBOTO €KCIEPUMEHTY BUKOPHCTOBYETHCS IHCK, IO
obepTaeTbesi, 3 BHYTPILIIHBOIO MOPOXXHUHOIO INIIMHHOTO THILY, SKWAH 3allOBHEHMH pO3IUIABOM CIUIaBy 3
JOMIIIKOBUMH aToMaMu. J[1s po3paxyHKy MOOyJOBaHO Ta BHUPIMIEHO TudepeHIiaTbHe PiBHIHHA, SKE OMUCYE PyX
JOMIIIKOBHX aTOMIB i Ji€f0 TPaJi€HTHOTO THCKY Y CIUIaBi, IO BUHHUKA€E MpPH OOepTaHHI AUCKa. Po3paxyHKOBHM
[UIXOM BH3HAYCHO MIBUAKOCTI PyXy JAOMIMIKOBUX aTOMIB 3a pajiaJbHAM HAIIPSIMOM Ta Yac IMEePEMILICHHS aTOMIB.
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