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Abstract. The phenomenon of directed motion of mobile charged point defects in
semiconductor structures under action of magnetic fields has been discussed. The features
of defect drift in sign-changing magnetic fields have been studied. The effect of directional
movement of charged defects under the combined action of constant and alternating
magnetic fields has been analyzed. Analytical relations have been presented for the drift

rate of defects in semiconductor structures under given impacts.
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1. Introduction

In [1-12], the mechanisms of transformation of defects in
semiconductor structures under action of weak magnetic
fields were considered. They are based on the concept of
the occurrence of spin-dependent reactions (singlet-triplet
transitions), magnetic and electrical  resonance
phenomena in systems of crystal defects: dislocations
and clusters of impurity-defect complexes. The
universality of the electrical-resonance mechanism of
transformation of a defect structure in epitaxial
semiconductor films both under action of alternating, in
particular pulsed magnetic fields, and under action of
microwave radiation was noted in [11, 12].

At the same time, it should be noted that, in addition
to the above, other reasons for evolution of defects under
action of alternating magnetic fields cannot be excluded.
They may be based on the idea that an alternating
magnetic field induces a vortex electric field. In its turn,
in an alternating electric field, charged particles not only
oscillate, but their directed movement is also possible
[13], and, consequently, a directed movement of charged
point defects (ions) takes place [14].

This paper is devoted to studying the mechanisms
of drift of mobile charged point defects in semiconductor
crystals under action of magnetic fields.

2. Drift of mobile charged point defects in a semi-
conductor structure under action of an alternating
magnetic field

Let the change in the induction of alternating magnetic
field acting on a semiconductor structure be described by
a periodic function:

@

where B, is the amplitude value of the magnetic
induction, o — angular frequency of induction change,
¢ — initial phase.

An alternating magnetic field excites a vortex
electric field in the semiconductor. The electromotive
force of electromagnetic induction has the form [15]:

_do
dt '

B = B, cos(ot +0),

@

N
where @ is the flux of the magnetic induction vector B

5
through the surface of the semiconductor structure S ,
which, in turn, is equal to [15]:
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If the magnetic field induction B is not a function of
the coordinate, that is, at an arbitrary moment of time it is
constant at any point of the surface with the S area
(uniform magnetic field), then

® = BScosa, (4)

where o is the angle between the magnetic induction
vector and the normal to the surface.
At a = 0, the electromotive force of electromagnetic
induction (2) is equal to:
dB

s =2,
dt

The circulation of the strength vector of the vortex

€

Q)

—

N
electric field E along the contour | , on which the
surface with the area S is supported, is described by the
relation [15]:
-> -
Edl =¢. (6)
Since at an arbitrary moment of time the magnetic
induction B is constant at any point of the surface with
the area S, then the strength of the vortex electric field E
at any point of the contour with the length | (uniform

electric field) that limits this surface will also be
constant, and therefore:

E=T (7)
From (5) and (7), it follows that
S dB
= 8
I dt ®)

In a particular case, when the surface of a
semiconductor epitaxial film is a square with the side a,
then the ratio of the surface area to its perimeter is
S/l=a/4.

Taking into account (1) and (8), we obtain an
expression for the strength of the vortex electric field in a
semiconductor crystal:

E =Eysin(ot+9), (9)
moreover, the amplitude value of the electric field
strength Ey is:

If the magnetic induction vector is directed along
the z-axis of the Cartesian coordinate system, then the
vortex electric field is located in the x-y plane. The force
lines of this field are closed. Since the electric field is
uniform, its force lines are circles. Therefore, to describe
the dynamics of charged point defects in such a field, it is
expedient to use the polar coordinate system. In a polar
coordinate system, the position of a particle is charac-
terized by a polar radius r and polar angle (azimuth) ¢ .

(10)

Since there is no movement of ions along the radius, then
Newton’s Second Law for a charged particle is written as
follows:

d2 .
Mo I = qE, sin(ot + @), (11)
moreover, since the movement of ions with a charge g in
semiconductor crystals is of a thermally activated nature,
that is, when moving, they have to overcome potential
barriers with a height of E,, then the mass of the particle
means the effective mass [14] my =mexp(E,/kT) ,

where m is the mass of the free ion, k — Boltzmann’s
constant, T — absolute temperature.

Integrating (11) and taking into account (10), we
obtain the relation for the azimuth velocity expressed in
coordinates (hereinafter referred to as the azimuth
velocity):

(40 _
dt

_S 4By

(12)
I Mg

cos(wt +¢)+C,

where C is the integration constant determined from the
initial condition.

Assuming that at the initial moment of time t=0
the particle is at rest, that is, its azimuthal velocity
rdo/dt =0, we have the expression for C:

Cziﬁ

COSQ. (13)
I Mg
Then for the azimuth velocity we get:
do S gB,
r—=———"|-cos\ot +¢)+cosp|. 14
&= Trooslot+o)coso] (14

The first term in square brackets characterizes the
oscillatory motion of a charged point defect, and the
second one, independent of time, characterizes the
directed motion (drift). Thus, for the azimuthal drift
velocity v, (hereinafter referred to as drift velocity), we

can write:

_5 9B cos®.

- (15)
I Mg

L

In general, the obtained results agree with the
conclusions presented in [13] and [14]. In [13], the
justification was given for the directed motion of charged
particles in space under action of electric field that is
sign-changing, uniform and directed along one
coordinate. In [14], a similar problem was considered for
mobile charged point defects (ions) of a semiconductor
structure.

At the same time, a feature of Exp. (15) is the
absence of a dependence of the drift velocity on the
frequency of change in the magnetic field, and hence in
the vortex electric field (for an electric sign-changing
field, an inversely proportional dependence of the
velocity on frequency takes place [13, 14]). In addition,
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the drift velocity of charged point defects is directly
proportional to the amplitude value of the magnetic
induction (in the case of an alternating electric field, it is
proportional to the amplitude value of its strength) and
inversely proportional to the effective mass of ions.
Finally, an important distinguishing feature of the motion
of charged point defects in a sign-changing magnetic
field is the dependence of the drift velocity on the
geometric dimensions of the semiconductor structure,
namely, the ratio of its surface area to the perimeter
(geometric size effect).

It follows from (15) that there is no drift of charged
point defects at the values of the initial phase such that
when cos¢ =0, and for all other values of the phase ¢ it

takes place, and depending on the ¢ values, the particles
drift in mutually opposite directions. The absolute

maximum value of the drift velocity [u;| _takes place

at @ = 0 and =. It satisfies the relation:
(16)

It should be noted that for the entire set of charged
point defects, the initial phase ¢ is a random value that
obeys a continuous uniform distribution. In its turn, since
all the values of initial phase are equally probable, the
drift velocity averaged over ¢ is equal to zero. It means
that along with the systematic movement of individual
charged particles, in general, directed movement of the
entire set of particles is absent [13, 14].

3. Drift of mobile charged point defects in a semicon-
ductor structure under combined action of constant
and alternating magnetic fields

Let us consider motion of a charged point defect in a
combined magnetic field with both constant and variable
parallel oriented components:

B = B; + By cosat, (17)

where B¢ is the induction of magnetic field.

As shown in the previous section, in a sign-
changing magnetic field the drift of charged point defects
is observed. In its turn, in a constant magnetic field, the
motion of a charged particle is finite, and directed motion
is not observed on average over time. However, in a
combined magnetic field the drift phenomena are also
possible, but when a certain condition is satisfied.

In a combined magnetic field, the movement of ions
in the x-y plane normal to the magnetic induction vector
in the case of very low attenuation obeys the system of
equations [16]:

Lo
dt

fo9E
Megs

B
-
Mege

Yo

+Qy,
Yo

(18)

where the electric field is defined by (8).
Special solutions of this system of equations
describe the phenomenon of parametric resonance. This

resonance is observed when the frequency « of the
variable component of the magnetic field is either equal
to the cyclotron frequency of ion wg, in the field with the
induction B (wg, = qBc /Mg ) Or is its subharmonic [16].
Under the resonance conditions, the magnetic field B
induces a constant component in the ion displacement.
At o =g, the square of the drift velocity averaged

over a large time interval is written as [16]:

()

where wg, =0B,/m is the cyclotron frequency of a

2 _5 2
L =205,

(19)

particle in a magnetic field with the induction B,
J;(2B,/Bc) — Bessel function of the first kind of the first

order.

In (19), the term ot describes an unlimited increase
in the drift velocity at the resonance, when there is no
attenuation in the system. However, attenuation takes
place in physical systems and is often significant, so that
part of the drift velocity that depends on the magnetic
field induction is of interest. Then we have [16]:

o) 2)

where wg =qBy/my; is the cyclotron frequency of a

2

o aBy

Megr

2

1 (20)

particle in a magnetic field with the induction B,
J,(2B,/Bc ) — Bessel function of the first kind of the first

order.
Accordingly, the value of the average squared drift
velocity (hereinafter simply the drift velocity) v, is

equal to v, = \/? . Taking into account (20), we obtain:

28,
1BC

The sign of the modulus reflects the fact that the
Bessel function takes both negative and positive values.

Thus, the drift velocity of charged point defects is
inversely proportional to the effective mass of ions and
directly proportional to the ratio of the surface area of the
semiconductor structure to its perimeter (geometric size
effect). From the geometric viewpoint, the parametric
resonance is observed when the linear size of the
semiconductor structure a is larger than the double
cyclotron (Larmor) radius of the charged point defect R:
a>2R . Taking into account that R=v;/wg. Wwith

v = ,/3kT/meff — average squared thermal velocity of

ions, we get a>2,/3kTmy /qBC .

The velocity of directional movement has a
complex nonmonotonic dependence on the parameters of
induction By, and B¢ of the combined magnetic field.
In a particular case, when B, =B the drift velocity is

S 9B
I Mgt

~

0y ~ . (21)

Milenin G.V., Redko R.A. Transformation of defects in semiconductor structures under action of magnetic ...

149



SPQEO, 2023. V. 26, No 2. P. 147-151.

directly proportional to the value of the magnetic
induction, as it is observed under action of only one
variable field (11).

In absolute terms, the first extremum of the first-
order Bessel function has the greatest value as compared
to other values of the function over the entire interval of
the argument changing. Approximate values of the
parameters of this extremum are as follows:

By/Bc ~0.9, J(2B,/B:)~0.58 . It follows that the

maximum value of the drift velocity is

Uy max® 058> 9B (22)
I Mgt

which means that for any values of the parameters
included to the expressions (16) and (22) the inequality

will be fulfilled v, pa <[vy] -

The drift velocity becomes equal to zero at zero
values of the Bessel function. The first zero of the Bessel
function corresponds to the value of argument:
By/Bc =#1.9.

Thus, the necessary conditions for the maximum
velocity of directional movement of charged point
defects is the fulfillment of the following requirements:
o=omg, and By,/B; 1.9 . It means that the largest

change in the magnetically sensitive parameters of the
semiconductor (parameters that depend on the change in
the state of defects) will also be observed, if the specified
requirements are met. Therefore, the method of varying
the parameters of combined magnetic fields can be
considered as a method for determining the effective
mass of ions, and hence the activation energy of particle
motion.

4. Calculation of the drift velocity of defects in semi-
conductor structures under action of an alternating
magnetic field

Let us estimate the values of drift velocity v, for singly

charged copper ions in epitaxial semiconductor
structures, the surface of which is a square with a side
a = 4-10° m under action of a sign-changing magnetic
field with Bo= 3102 T. Taking into account that the
mass of free copper ions is equal to m = 1.055-10% kg,
then at E;= 0.4 eV, T = 300K and ¢ =0, for the
maximum drift velocity, calculation with the formula

(15) gives the following value: v;=8.7-10"m/s . At
E. = 0.5 eV and unchanged values of other parameters,
we have v,=1.8-10%m/s . At By= 3:10° T, the

corresponding velocity values are v, =8.7-10°m/s and

v;=1.8-10"m/s. One can state the fact of sufficiently

high velocities of directional movement of ions in sign-
changing magnetic fields. This circumstance indicates
the importance of the charged particle drift phenomenon
considered in this work to explain transformation of
defects in semiconductor structures in the corresponding
magnetic fields.

5. Conclusions

Analyzed in this paper is the phenomenon of directional
motion of mobile charged point defects in semiconductor
structures under action of magnetic fields.

Under action of a sign-changing magnetic field on
semiconductor, a directional movement of individual
charged point defects in an induced vortex electric field
is observed (in general, directional movement of the
entire set of particles is absent). The drift velocity does
not depend on the frequency of the field change, it is
directly proportional to the amplitude value of the
magnetic induction and inversely proportional to the
effective mass of ions. In addition, an important feature
of the movement of charged point defects in an
alternating magnetic field is the dependence of the drift
velocity on the geometric dimensions of the
semiconductor structure, namely, the ratio of its surface
area to the perimeter (geometric size effect).

In a combined magnetic field with both constant
and variable components, drift occurs when the
parametric resonance condition is satisfied: the frequency
of the variable component of the magnetic field is equal
to the cyclotron frequency of ion in a field with an
induction equal to that of the constant component. The
drift velocity of charged point defects, as in the previous
case, is inversely proportional to the effective mass of
ions and directly proportional to the ratio of the surface
area of the semiconductor structure to its perimeter.

However, it has a nonmonotonic dependence on the
induction parameters of the combined magnetic field.
The drift velocity reaches a maximum or becomes equal
to zero at such values of the ratio of inductions of the
field components, which correspond to either the first
extremum or zeros of the Bessel function. In the
particular case of equality of inductions of the field
components, the drift velocity is directly proportional to
the magnetic induction over the entire range of its
change, as it is observed under action of only one
variable field.

The results obtained in this work are important to
explain transformation of charged point defects in
semiconductor structures under action of corresponding
magnetic fields. In addition, since in combined fields the
particle drift occurs at a certain (resonant) frequency, and
its velocity depends nonmonotonically on the ratio of the
magnetic inductions of the components, variation of the
parameters inherent to these fields can be considered as a
method for determining the effective mass of ions, and
hence the activation energy of their migration.
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Tpanchopmanisa aedekTiB HaMBIPOBIIHNKOBUX CTPYKTYP Mil BILIMBOM MATHiTHMX MNOJIB, CTHMYJIbLOBAHA

apeii¢oBUMU SIBUILIAMU
I'.B. Minenin, P.A. Peabko

AHoTanist. Po3risHyTo sBHIIE CIPSIMOBAHOTO PYXY PYXOMHUX 3aps/PKEHUX TOYKOBUX AE(EKTIB y HANiBIPOBIIHUKOBUX
CTPYKTypax HpH Aii Mar"iTHUX ToJiB. BuBueHo ocoOnmBocTi apeiidy nedekTiB y 3HaKO3MIHHMX MAarHiTHUX IOJISX.
[TpoananizoBaHO eeKT CIPSIMOBAHOTO MEPEMILIIEHHS 3aps/UKEHUX 1e(EKTIB MPU CHIIbHIHN /i HOCTIHHOTO Ta 3MiHHOTO
MarHiTHEX moJiB. [TomaHo aHaNITUYHI CIIBBITHOIICHHS UL IIBUAKOCTI JApeiidy nedekTiB y HamiBIPOBITHUKOBUX

CTPYKTYpax MpH JaHUX BILIUBAX.

Kuio4uoBi ciioBa: MaritHe 1oJie, 3aps/HKeHAN JeeKT, apeid nedekxTis.
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