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In the framework of the model of self-consistent electron-
deformation interaction in a single-band semiconductor, the
influence of the conduction electron concentration n0 on the
energy levels of an electron localized at an edge dislocation has
been investigated. The energy of the localized level in lightly
doped semiconductors (n0 � 10

17
cm
�3) has been shown to shift

monotonously towards lower values as n0 grows and to possess
a nonmonotonous character in heavily doped semiconductors
(1017 cm

�3
� n0 � 10

19
cm
�3). The probability for an electron

to be near the edge dislocation nucleus has been found to increase
by about 15% as the conduction electron concentration grows
within the interval 1017 cm�3 � n0 � 10

19
cm
�3.

Such parameters of the electron subsystem of

semiconductor structures as the concentration of

conduction electrons, the spectra of electrons localized

at defects of various kinds (linear, dot, plane), the

effective mass of current carriers, the cross-section

of carrier capture, Coulomb interaction, and others,

strongly depend on the lattice deformation induced by

defects and impurities. For a long time, a traditional

direction of researches has been based on studying the

influence of impurities, defects (linear and dot) and

strain effects connected to these defects, on electronic

properties of semiconductors. In particular, in works

[1�3], the problem concerning the influence of mechano-

deformational effects on the energy of electron states

localized at an edge dislocation has been solved.

Lately, inverse problems have been attracting more

and more interest. One of such problems consists

in studying the influence of an electronic subsystem,

considered in the framework of self-consistent electron-

deformation coupling, on the energy of electron states

localized at defects of various kinds, because, owing

to works [4, 5], it is known that the excitation of the

electron subsystem affects the evolution of the defective

structure of crystals. This work aims at studying, in the

framework of the self-consistent electron-deformation

interaction model, the influence of the conduction

electron concentration on the energy of the ground state

of an electron localized at an edge dislocation.

Consider a crystal with an edge dislocation in the

YOZ plane with a Burgers vector
~b = (b; 0; 0) [6,7]. The

edge dislocation (the axis of the dislocation coincides

with theOZ axis) forms a mechanical deformation which

is described in cylindrical coordinates by the relation [8]

Umech(�; �) = � 1� 2�

2�(1� �)

b

�
cos �; � � �0; (1)

where � = C12

C11+C12

is Poisson's ratio, Cij are the

elastic constants (i; j = 1; 2), � and � are the polar

coordinates, �0 = (1�2)a is the radius of the dislocation
nucleus, a is the lattice constant, and the angle � is

reckoned from an excess dislocation plane to the radius-

vector ~� = (x; y) in the crystal plane XOY. As is

seen from Eq. (1), the crystal lattice undergoes the

mechanical nonhomogeneous deformation of squeezing

in the upper half of the XOY plane (y > 0 or

��

2
� � � �

2
), which includes this excess dislocation

plane and that of stretching in the lower half plane

(y < 0 or
�

2
� � � 3�

2
). Such a nonhomogeneous

mechanical deformation of the lattice results in a local

variation of the electron spectrum. Therefore, there

occurs a spatial redistribution of electrons, which, due to

the self-consistent electron-deformation interaction [6,9],

renormalizes the initial mechanical strain of the lattice

Umech (�; �). Then, the parameter of total deformation U

will consist of two components, mechanical Umech (�; �)
and electron-deformation Uel�def ones. The electron-

deformation component depends on the population level

�n of the conduction band (0 � �n � 2), where �n =
n0
0, n0 is the average concentration of conduction

electrons, and 
0 is the initial volume of the elementary

cell. The parameter �n can be changed by doping

the semiconductor (for example, CdTe:Cl, n0 � 5 �
1018 cm�3

), varying its composition x (for example,

Sm1�xCdx (0 � x � 0:22) [11]) or undergoing

photoillumination.

In this work, we calculated the energy of a localized

state of an electron at an edge dislocation making use of
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a dislocation potential Vd which takes into account the

electron-deformation interaction self-consistently. Such

a potential is obtained by solving the self-consistent

system of the following five equations [9].

The equation of balance is�
@H

@U

�
= �mech (�; �) V; (2)

whereH is the Hamiltonian of a non-uniformly deformed

(provided that there are dislocations) crystal taking

into account the electron-deformation coupling, V is the

crystal volume, and �mech (�; �) is the mechanical stress

induced by the dislocation. The Hamiltonian has the

form

Ĥ =
X
i�

[W + SU (�i; �)] c
+
i�
ci� +

X
ij�

0�0
ij
v+
i�
cj�+

+
1

2

X
i

K
0U
2 (�i; �) +Hc: (3)

Here, the first term describes the energy of an electron

at the i-th site with the coordinates (�; �) and W is the

energy in the middle of the conduction band, which was

chosen as a reference mark, and S is the constant of

the deformation potential of the conduction band. The

conduction band is formed by the electron overlapping

of the i-th and j -th sites in a non-deformed crystal. The

quantity �0
ij
in the second term is the energy width of the

electron overlapping of the i-th and j -th sites in a non-

deformed crystal. The third term describes the potential

energy of the elastically deformed crystal, while the

fourth one (Hc) corresponds to the Coulomb interaction.

c+
i�

and ci� are the Fermi operators of creation and

annihilation, respectively, of an electron with the spin �

at the i-th site; U(�; �) = Sp Û = (
(�; �)�
0)=
0 is the

strain parameter which describes the relative variation

of the crystal volume in the presence of a dislocation; K

is the elastic constant.

The equation

n (�; �) =
X
n

 �n (�; �)  n (�; �)

exp [� (�n � �)] + 1
(4)

defines the electron concentration. Here,  n (�; �) is a

solution of the stationary Schr�odinger equation�
r2
�;�
� S

��
U (�; �) +

e

��
' (�; �)

�
 n (�; �) =

= � 1

��
~�n n (�; �) ; (5)

�� = ~
2=2m�; ~�n = �n��0, and �0 is the bottom energy

of the conduction band in a non-deformed crystal. The

last term in the brackets on the left-hand side of Eq. (5)

is the electrostatic potential energy, which is connected

to a charge redistribution induced by the electron-

deformation interaction [9]. The potential ' (�; �) can

be determined from the Poisson equation

r2
�;�'� g2' = r2

�;�SUm �
2DS

�20
Æ (�� �0) cos �; (6)

where D = 1�2�
2�(1��)

b, g2 = e
2
RS

""0
; g is the reciprocal

effective radius of screening which is caused by

the electron-deformation interaction and depends on

the population level of the conduction band, elastic

constants Cij , the effective mass, and the constant of

the deformation potential S;

RS =

�
3

8

�1=3
1

���4=3

1=3

0

n
1=3

0

h
1 + ln

1=3

0

i1=2
1� 3

2
ln

1=3

0

h
1 + ln

1=3

0

i1=2 ;
and

l =
S2

(3�2)
2=3

��K
:

At last, the equation for the definition of the

electrochemical potential is


0

V

Z
Vr

n (�; �) @~r = �n; 0 < �n < 2; �n = n0
0: (7)

The solution of Eq. (6) looks like

' (�; �) = �2DS

�0e
�

� cos �

�
K1 (g�0) I1 (g�) ; � 2 [0; �0] ;
I1 (g�0)K1 (g�) ; � 2 [�0; +1) ;

(8)

where I1(x) and K1(x) are the modified Bessel functions

of the first and second (the Macdonald function) kinds,

respectively.

The solution of the self-consistent system of Eqs. (2),

(4)�(7) was obtained under the condition that the

electrostatic interaction energy and the deformation

energy are of the same order (je'j � jS�U j). Then,
the wave function taken in the form of a plane wave is a

good approximate solution of the Schr�odinger equation.

In this approximation, the variation of the conduction

electron concentration �n(�; �) in the vicinity of the
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edge dislocation is found in terms of a difference between

the electrostatic and deformation energies [9] as

�n (�; �) = RS [e'� SUmech]: (9)

Substituting solution (8) into (9) and taking into

account the deformation potential (1), the expression for

�n(�; �) reads

�n (�; �) = �SRSD cos �

�
2

�0
I1 (g�0)K1 (g�)� 1

�

�
;

� 2 [�0;+1) : (10)

On the basis of the expressions obtained for �n(�; �)
and '(�; �); as well as the expression

�U (�; �) = � S

K
�n (�; �) + Umech (�; �) ; (11)

one can define the energy of the bottom of the

conduction band Ec(�; �), dependent on the coordinates

(�; �), with respect to the bottom energy �0 of the

conduction band in a non-deformed crystal, i.e. at a

point far from the dislocation:

Ec (�; �) = �0 + S�U (�; �)� e' (�; �) : (12)

The condition je'j � jS�U j can hold true in

lightly doped semiconductors (n0 � 1017 cm�3
), because

the redistribution of electrons induced by a shift of

the conduction band, which, in its turn, is caused

by a deformation, cannot give rise to a substantial

accumulation of excess charges if the initial electron

concentration is insignificant, so that the electrostatic

interaction energy is not enough to compensate the

contribution connected with the deformation [9].

The condition je'j � jS�U j may correspond

to heavily doped and degenerate semiconductors

(1017 cm�3 � n0 � 1019 cm�3
), in which the

electrostatic interaction energy can be of the same order

as the deformation component of the energy due to the

high concentration of current carriers.

Substituting expression (11) for the parameter of

the total deformation �U(�; �) into formula (12) and

taking into account the redistribution of electron density

(10), the analytical forms for the dislocation potential

Vd(�; �) = Ec � �0 are as follows:

1) for lightly doped semiconductors (je'j � jS�U j)

V1d(�; �) = SD cos �

�
S2Rs

K

�
2

�0
I1(g�0)K1(g�) �

� 1

�

�
� 1

�

�
; � � �0; (13)

2) for heavily doped and degenerate ones (je'j �
jS�U j)

V2d(�; �) =

�
1 +

S2Rs

K

��
SD cos �

�
2

�0
I1(g�0) �

�K1(g�)� 1

�

��
; � � �0: (14)

For the field of elastic deformations at �� �0,

K1 (g�) =

p
�

2

1

g�
+ 0

 
1

(g�)
3

2

!
: (15)

Taking this expansion into account, the dislocation

potentials (13) and (14) can be written down as follows:

V1d (�; �) =
1

�
SD[q1 (n0)� 1] cos � (16)

and

V2d (�; �) =
1

�
SDq2 (n0) cos �; (17)

where

q1 (n0) =
S2RS

K

�p
�

g�0
I1 (g�0)� 1

�
(18)

and

q2 (n0) =

�
1 +

S2Rs

K

��p
�

g�0
I1 (g�0)� 1

�
(19)

are the parameters which describe how the electron-

deformation interaction influences the localization

degree of electron states at the dislocation at various

values of the conduction electron concentration n0 in

lightly and heavily doped semiconductors, respectively.

As is seen from formulae (16)�(19), the dislocation

attracts an electron in the range ��

2
� � � �

2
(i.e. in the

upper half-plane which includes the excess dislocation

plane) and repulses it at
�

2
� � � 3�

2
(i.e. in the lower

half-plane, where the excess dislocation plane is absent)

if the population level of the conduction band n0 is such

that either the inequalities q2 (n0) < 0, q1 (n0) < 1, and
S > 0 or the inequalities q2 (n0) > 0, q1 (n0) > 1, and
S < 0 are fulfilled. In the case q1 (n0) > 1 and S > 0,
the region ��

2
� � � �

2
, which includes the dislocation

plane, becomes repulsive, and the region
�

2
� � � 3�

2

does attractive.

We look for the wave function of an electron in the

potential field (13) or (14) in the form

 (~r ) = (2��)
�

1

2 u (�; �) e�ikzz: (20)
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Fig. 1. Dependence of the ground state energy of an electron

localized at an edge dislocation on the conduction electron

concentration in lightly doped semiconductors (je'j � jS�U j,

n0 � 10
17

cm
�3)

For potentials (13) and (14) which vary smoothly at

distances of about the lattice parameter, the wave

function u(�; �) can be determined from the Schr�odinger

equation in the effective mass approximation [12].

We write down the Schr�odinger equation in terms of

dimensionless variables:

�
�
@2u

@�2
+

u

4�2
+

1

�2
@2u

@�2

�
+

cos �

�
u = "u: (21)

Here,

� =
8�2pm��

~2

and

" =
~
2

8�2p2m�

�
Ec � ~

2k2z
8�2m�

�
(22)

are the dimensionless coordinate and energy,

respectively, of the �transverse motion�; p = SD[q1(n0)�
1] or p = SD[q2(n0) � 1] in cases 1) or 2), respectively;

m�
is the electron effective mass; and EII = Ec� ~

2
k
2

8�2m�

is the energy of an electron that moves in a plane

perpendicular to the dislocation line.

The variables in formula (21) are not separable.

Therefore, our problem is expedient to be solved by a

straightforward variational method [3]:

Æ" = 0 (23)

" =

2
4
* 1Z

0

d�u2

+3
5
�1*Z

d�

"�
@u

@�

�2

+
1

�2

�
@u

@�

�2

�

Fig. 2. The same as in Fig. 1 but in heavily doped semiconductors

(je'j � jS�U j, 1017 cm�3 � n0 � 10
19

cm
�3)

� u2

4�2
+

cos �

�
u2

#+
; (24)

where h: : :i = (2�)
�1

2�R
0

d� . . . .

Consider a simple trial function

u (�; �) = u0�e
��(�)=2; (25)

where  (�) = � + � cos � and �; � are variational

parameters. This form was selected for the trial function,

because it should not differ very much from that of

the wave functions for axially symmetric potential ��1.

On the other hand, it must decay anisotropically when

tending to infinity, which reflects the anisotropy of

potentials (13) and (14).

Substituting Eq. (25) into Eq. (24) and calculating

the integrals, we obtain the following expression:

" =
1

4

�
�2 � �2

� �
�2 � 4�

�
2�2 + �2

: (26)

Minimizing (26) over � and � brings us to "0 =
�0:10102 at � = 1:34088, � = 0:89898 and to

u0 =

�
(�2 � �2)5=2

2(2�2 + �2)�

�1=2

= 0:16853:

Then, the energy EII of the ground state of an electron

localized at the edge dislocation, when taking into

account Eqs. (22) and (26), reads

EII = "

�
~
2

8�2p2m�

�
�1

: (27)
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a b

Fig. 3. Probability for an electron to be localized in the vicinity of the nucleus of an edge dislocation at the electron concentration

n0 = 10
17 (a) and 1019 cm�3 (b)

Figures 1 and 2 show the results of numerical

calculations of the energy EII(n0) of the two-

dimentional bound state of an electron at the edge

dislocation. The parameter values are typical of

semiconductor CdTe doped by chlorine [13], namely,

S = 4:51 eV, K = 0:198 eV=�A
3
, D = 0:31 �A, and �0 =

6:477 �A.
As is seen from Fig. 1, the energy of the

localized electron states monotonously decreases as the

population level of the conduction band grows (n0 �
1016 cm�3

). Such a behavior is typical of lightly doped

semiconductors (je'j � jS�U j).
As the population level of the conduction band grows

within the interval 1017 cm�3 � n0 � 1019 cm�3
, the

localized states become shallower, and, at nc = 2:5 �
1019 cm�3

(the value, at which the localized electron

states become delocalized, i.e. they find themselves in

the conduction band), the energy of the electron ground

state is zeroed (Fig. 2). Such a variation should influence

the electron density of states in the conduction band,

which must manifest itself in experiment [14, 15]. As is

seen from Fig. 2, the electron states become localized

again at n0 > 2:5 � 1019 cm�3
, and, as the conduction

electron concentration grows further, deepen. The

results obtained can be qualitatively explained basing on

the idea of self-consistent electron-deformation coupling

in a crystal with a dislocation. In particular, if the band

is populated much less than to a half, e.g. 0 � �n < 0:02
(1017 cm�3 � n0 � 2 � 1019 cm�3

), the expansion of

the electron energy band caused by squeezing the lattice

leads to a diminishing of the electron energy. It results

in a shortening of the distance between the localized

states and the bottom of the conduction band, so that

the electron and mechanical components of the potential

energy of a lattice deformation become equal at n0 = nc
and the electron energy is zeroed. Within the interval

2:5 � 1019 cm�3 � n0 � 1020 cm�3
, the crystal lattice

undergoes the additional deformation of stretching, with

the bottom energy of the conduction band being shifted

towards higher values so that the energy of electron

localized levels turn out beneath the bottom energy of

the conduction band, i.e. the local levels deepen.

In Fig. 3, the results of numerical calculation of the

probability for an electron to be in the vicinity of the

edge dislocation nucleus (the XOY plane) are presented

for the conduction electron concentrations n0 = 1017

(a) and 1019 cm�3
(b). As the concentration of current

carriers increases within the interval 1017 � 1019 cm�3
,

the probability for an electron to occupy the ground

localized state with the energy EII enhances by about

15%. The radius (�0 =
p
x20 + y20) of the region of

the electron localization with the probability juj2 =
8:5 � 10�6 around the dislocation amounts to about

5 �A at n0 = 1017 cm�3
and to about 10 �A at n0 =

1019 cm�3
. This means that the degree of localization

of current carriers becomes lower as their concentration

increases. The probability juj2 of electron localization

decreases exponentially depending on the distance from

the dislocation line (see formula (25)).

The variation of the energy of the ground state

of an electron localized at an edge dislocation can

reveal itself in either the spectra of low-temperature

dislocation photoluminescence [16, 17] or the current-

voltage characteristics of the dislocation n+�n junction,

depending on the conduction electron concentration.

Thus, from the results of the presented research, the

following conclusions may be drawn:
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� in the framework of the self-consistent electron-

deformation interaction model of semiconductor,

analytical expressions for the dislocation potential

in the cases of lightly and heavily doped wide-gap

semiconductors have been obtained;

� in lightly doped semiconductors (n0 � 1017 cm�3
),

the energy of the ground state of an electron localized

at an edge dislocation decreases monotonously with the

growth of the conduction electron concentration;

� in heavily doped wide-gap semiconductors of the n-

type (1017 cm�3 � n0 � 1019 cm�3
), the electron

dislocation level becomes delocalized at a certain value

of the conduction electron concentration from the

indicated interval, i.e. this level becomes included into

the conduction band;

� the probability of localization of an electron in

the vicinity of the edge dislocation decreases as the

conduction electron concentration rises.

1. Lifshits I.M., Pushkarov Kh.I. // Pis'ma Zh. Eksp. Teor. Fiz.
� 1970. � 11, N 9. � P. 456 � 459.

2. Razumova M.A., Khotyaintsev V.N. // Fiz. Tverd. Tela. �
1989. � 31, N 2. � P. 275 � 277.

3. Slyusarev V.A., Chishko K.A. // Fiz. Met. Metalloved. �
1984. � 58, N 5. � P. 877 � 883.

4. Osip'yan Yu.A., Petrenko V.F. // Physics of A3B5

Compounds / Ed. by A.I. Georgiani, M.K. Sheinkman. �
Moscow: Nauka, 1986 (in Russian).

5. Lev B.I., Torchinskaya T.V., Tomchuk P.M., Sheinkman

M.K. // Fiz. Tekhn. Polupr. � 1989. � 23, N 9. � P. 1529
� 1538.

6. Peleshchak R.M., Lukiyanets B.A. // Pis'ma Zh. Tekhn. Fiz.
� 1998. � 24, N 2. � P. 37 � 41.

7. Matare H.F. Defect Electronics in Semiconductors. � New-
York: Academic Press, 1971.

8. Kosevich A.M. Physical Mechanics of Real Crystals. � Kyiv:
Naukova Dumka, 1981 (in Russian).

9. Stasyuk I.V., Peleshchak R.M. // Ukr. Fiz. Zh. � 1991. � 36,
N 11. � P. 1744 � 1749.

10. Korbutyak D.V., Melnychuk S.V., Korbut E.V., Borysyuk

M.M. Cadmium Telluride: Impurity-Defect States and
Detector Properties. � Kyiv: Ivan Fedorov, 2000 (in
Ukrainian).

11. Jayaraman A., Bucher E., Dernier P.D., Longinotti L.D. //
Phys. Rev. Lett. � 1973. � 31, N 11. � P. 700 � 703.

12. Ziman J.M. Principles of the Theory of Solids. � Cambridge:
Cambridge University Press, 1979.

13. Van de Walle C.G. // Phys. Rev. B. � 1989. � 39, N 3. �
P. 1873 � 1883.

14. Nemoshkalenko V.V., Aleshin V.G. Electron Spectroscopy of
Crystals. � Kyiv: Naukova Dumka, 1976 (in Russian).

15. Matukura Y., Miura Y. // Jpn. J. Appl. Phys. � 1965. � 4,
N 1. � P. 72 � 74.

16. Zuev V.O., Mudryi O.V., Bychkov O.G. // Ukr. Fiz. Zh. �
1995. � 40, N 10. � P. 1083 � 1086.

17. Shevchenko S.A., Izotov A.N. // Fiz. Tverd. Tela. � 2003. �
45, N 2. � P. 248 � 253.

Received 15.07.04.
Translated from Ukrainian by O.I. Voitenko

ÂÏËÈÂ ÑÀÌÎÓÇÃÎÄÆÅÍÎ�
ÅËÅÊÒÐÎÍ-ÄÅÔÎÐÌÀÖIÉÍÎ�
ÂÇÀ�ÌÎÄI� ÍÀ ÅËÅÊÒÐÎÍÍI ÑÒÀÍÈ,
ËÎÊÀËIÇÎÂÀÍI ÍÀ ÊÐÀÉÎÂIÉ ÄÈÑËÎÊÀÖI�

Ì.Ì. Áàðàí, Ð.Ì. Ïåëåùàê

Ð å ç þ ì å

Ó ðàìêàõ îäíîçîííî¨ ñàìîóçãîäæåíî¨ åëåêòðîí-äåôîðìàöiéíî¨
ìîäåëi äîñëiäæåíî âïëèâ êîíöåíòðàöi¨ åëåêòðîíiâ ïðîâiäíîñòi
íà åíåðãåòè÷íå ïîëîæåííÿ ëîêàëiçîâàíèõ ðiâíiâ íà êðàéîâié
äèñëîêàöi¨. Ïîêàçàíî, ùî ç ðîñòîì êîíöåíòðàöi¨ åëåêòðîíiâ
ïðîâiäíîñòi ó ñëàáîëåãîâàíèõ íàïiâïðîâiäíèêàõ (n0 � 10

17

ñì�3) ëîêàëiçîâàíèé ðiâåíü ìîíîòîííî çñóâà¹òüñÿ â áiê ìåí-
øèõ åíåðãié, à ó ñèëüíîëåãîâàíèõ (10

17
� n0 � 10

19 ñì�3) �
ìà¹ íåìîíîòîííèé õàðàêòåð. Âñòàíîâëåíî, ùî ç ðîñòîì êîíöåí-
òðàöi¨ åëåêòðîíiâ ïðîâiäíîñòi (1017 � n0 � 10

19 cì�3) éìîâið-
íiñòü ïåðåáóâàííÿ åëåêòðîíà ïîáëèçó ÿäðà êðàéîâî¨ äèñëîêàöi¨
çáiëüøó¹òüñÿ ïðèáëèçíî íà 15 %.
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