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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 ng 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 (ng < 1017 cm™2) has been shown to shift
monotonously towards lower values as ng grows and to possess
a nonmonotonous character in heavily doped semiconductors
(10'7 cm=3 < ng < 10 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 10’7 cm™2 < ng < 10'® 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.
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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 the OZ axis) forms a mechanical deformation which
is described in cylindrical coordinates by the relation [8]

1-2v b
Umech(p,e) = —m; COS 0, 14 Z Po, (1)
where v = 70131_%12 is Poisson’s ratio, Cj; are the

elastic constants (i, = 1,2), p and 6 are the polar
coordinates, pg = (1= 2)a is the radius of the dislocation
nucleus, a is the lattice constant, and the angle 6 is
reckoned from an excess dislocation plane to the radius-
vector p = (z,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
—% < 6 < %), which includes this excess dislocation
plane and that of stretching in the lower half plane
(y < 0or 2 <6 < 37). 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 (p,8). Then, the parameter of total deformation U
will consist of two components, mechanical Upech (p, 6)
and electron-deformation Ug_ger Ones. The electron-
deformation component depends on the population level
7 of the conduction band (0 < @ < 2), where i =
noQlo, no is the average concentration of conduction
electrons, and Qg is the initial volume of the elementary
cell. The parameter n can be changed by doping
the semiconductor (for example, CdTe:Cl, ng ~ 5 x
10*® e¢cm™3), varying its composition z (for example,
Sm;_,Cd, (0 < =z < 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 V; 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

(55) = o 00) V, @)

where H 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 omech (p,6) is the mechanical stress
induced by the dislocation. The Hamiltonian has the
form

H:Z[W-{—SU(p“

i ijo

c " Cig + Z N0uf Cjo+

ij Vio

1 2
+§ZKQOU (pi,0) + H.,. (3)

Here, the first term describes the energy of an electron
at the i-th site with the coordinates (p,#) 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 )\?j 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 (H,) corresponds to the Coulomb interaction.
cz; and c¢;, are the Fermi operators of creation and
annihilation, respectively, of an electron with the spin o
at the i-th site; U (p,0) = Sp U = (Q(p, 8)—Q) /< 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

Y ( p, z/Jn (p,0)
Z exp [ wl+1 )

defines the electron concentration. Here, v, (p,0) is a
solution of the stationary Schrédinger equation

S e
V20 200+ S (0.0)| 00 (0.0) =

= _éj\n'ﬁbn (pa 0) ’ (5)
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* = h2/2m*, /N\n = A\, —Ap, and ) 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 ¢ (p,f) can
be determined from the Poisson equation

2DS

Vioep — 9% =V, 45U 50 (p—po)cosd,  (6)
i

where D = 27r(1 V)b g = 6555, 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 Cj;, the effective mass, and the constant of
the deformation potential S;

S8 a*7r4/3Q[1)/3 1

and

/ [1 + ln1/3}1/2

il nl/3 [1+l 1/3]

1/2°

52

l=——"
(372)*3 a* K

At last, the equation for the definition of the
electrochemical potential is

B [nw.oor=n,

Ve

n= TL()Q(). (7)

The solution of Eq. (6) looks like

2DS
X

poe

@(pve) = -
K1 (gpo) L1 (9p) , € [0, po] ,
XCOSQ{ I (gpo) K1 (9p), p € [po, +00), (8)

where I (z) and K (z) are the modified Bessel functions
of the first and second (the Macdonald function) kinds,
respectively.

The solution of the self-consistent system of Egs. (2),
(4)—(7) was obtained under the condition that the
electrostatic interaction energy and the deformation
energy are of the same order (Jep| ~ |SAU|). Then,
the wave function taken in the form of a plane wave is a
good approximate solution of the Schrédinger equation.
In this approximation, the variation of the conduction
electron concentration An(p,#) 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

An (p, 0) = Rs [690 - SUmech]- (9)

Substituting solution (8) into (9) and taking into
account the deformation potential (1), the expression for
An(p,0) reads

2 1
An(p,0) = —SRsD cosf p—h (gpo) K1 (gp) il
0

p € [po, +00). (10)

On the basis of the expressions obtained for An(p,6)
and ¢(p,0), as well as the expression

S

AU (pae) = _FA“’ (pae) +Um80h (pve)a (11)
one can define the energy of the bottom of the
conduction band E.(p,#), dependent on the coordinates
(p,0), with respect to the bottom energy Ao of the
conduction band in a non-deformed crystal, i.e. at a
point far from the dislocation:

Ec (p,0) = Ao + SAU (p,0) — ep (p, ) -

The condition |ep| <« [SAU| can hold true in
lightly doped semiconductors (ng < 107 cm~?), 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 |ep| ~ |SAU| may correspond
to heavily doped and degenerate semiconductors
(10" em™3 < np < 10" 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 AU(p,#) into formula (12) and
taking into account the redistribution of electron density
(10), the analytical forms for the dislocation potential
Va(p,0) = E. — X\ are as follows:

1) for lightly doped semiconductors (|ep| < |SAU|)

2
S;S (p—ill(gpo)Kl(gp) -

(12)

Via(p,0) = SD cosf {

1 1
- ] 7 1> prOa

) (13)
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2) for heavily doped and degenerate ones (|ep| ~
[SAUY)

S?Rs 2
D —I
I > [S cosf (po 1(gpo) X

Vaa(p, 0) = (1 +

1
xK1(gp) — ;)] . P2 po- (14)
For the field of elastic deformations at p > po,
w1 1
K (gp)=§—+0 T |- (15)
gp (9p)*

Taking this expansion into account, the dislocation
potentials (13) and (14) can be written down as follows:

Vi (p,6) = .SDlar (my) =~ 1 cos (16)
and

Vaa (p,0) = %SDqg (ng) cos b, (17)
where

o) = S (L ) 1) 9
and

o) = (1+ 55 (L o) -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 ng in
lightly and heavily doped semiconductors, respectively.

As is seen from formulae (16)—(19), the dislocation
attracts an electron in the range —% < 6 < % (i.e. in the
upper half-plane which includes the excess dislocation
plane) and repulses it at I < 6 < 2 (i.e. in the lower
half-plane, where the excess dislocation plane is absent)
if the population level of the conduction band ng is such
that either the inequalities g2 (ng) < 0, ¢1 (no) < 1, and
S > 0 or the inequalities g2 (ng) > 0, ¢1 (no) > 1, and
S < 0 are fulfilled. In the case ¢ (ng) > 1 and S > 0,
the region —5 < 6 < 7, which includes the dislocation
plane, becomes repulsive, and the region § < 6 < 37“
does attractive.

We look for the wave function of an electron in the
potential field (13) or (14) in the form

b (F) = (27p) 2 u(p,0) e~ =7, (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 (lep| <K |SAU],
no < 10'7 cm~3)

For potentials (13) and (14) which vary smoothly at
distances of about the lattice parameter, the wave
function u(p,#) can be determined from the Schrédinger
equation in the effective mass approximation [12].
We write down the Schrédinger equation in terms of
dimensionless variables:

0%u I 1 0%u cosf (21)
N s+ +=55 —u = €u.
o2 a2 T 2 092
Here,
_ 8mipm*p
=T
and
h? h%k?2
= E. — = 22
€ 8m2p2m* ( ¢ 87r2m*> ( )
are the dimensionless coordinate and energy,

respectively, of the “transverse motion”; p = SD[q; (ng)—
1] or p = SD]g2(ng) — 1] in cases 1) or 2), respectively;
m* is the electron effective mass; and E;; = B, — %
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]:

S RGEEOR
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Fig. 2. The same as in Fig. 1 but in heavily doped semiconductors
(lew| ~ |SAU], 107 cm=3 < ng < 10'? cm—3)

u?  cosf
1 27
where (...) = (2m) " [db ... .
0
Consider a simple trial function
u (,60) = uone™" /2, (25)

where v(0) = « + Bcosf and «,B 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 n~!.
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 (e = 32) (o — 49)

£ = 1 2a2 T 52 . (26)

Minimizing (26) over a and f brings us to gy =
—0.10102 at o = 1.34088, 5 = 0.89898 and to

(Lo

1/2
= = 0.16853.
w = | 3ga7s 6%) 0.16853

Then, the energy Err of the ground state of an electron
localized at the edge dislocation, when taking into
account Eqs. (22) and (26), reads

(27)

o1
Ernr=¢|z————| -
11 6[87r2p2m*]
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Fig. 3. Probability for an electron to be localized in the vicinity
no = 10'7 (a) and 10 cm~=3 (b)

Figures 1 and 2 show the results of numerical
calculations of the energy FErr(ng) 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=451eV, K = 0198 ¢V/A", D =031 A, and po =
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 (ng >
1016 cm—2). Such a behavior is typical of lightly doped
semiconductors (Jep| < |SAU]).

As the population level of the conduction band grows
within the interval 10" cm™2 < ng < 10" cm™3, the
localized states become shallower, and, at n, = 2.5 X
10" c¢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 ng > 2.5 x 10'% em 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 <7 < 0.02
(1017 ecm™3 < mp < 2 x 10! ecm~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
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of the nucleus of an edge dislocation at the electron concentration

energy of a lattice deformation become equal at ng = n.
and the electron energy is zeroed. Within the interval
2.5 x 10" em™2 < ng < 10%° 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 ng = 107
(a) and 10" cm™3 (b). As the concentration of current
carriers increases within the interval 107 — 10'? em ™3,
the probability for an electron to occupy the ground
localized state with the energy Er; enhances by about
15%. The radius (pp = /@3 +y3) of the region of
the electron localization with the probability |u]® =
8.5 % 10~% around the dislocation amounts to about
5 A at ng = 107 cm™ and to about 10 A at ng =
10'® ¢cm™3. This means that the degree of localization
of current carriers becomes lower as their concentration
increases. The probability |u|2 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 (ng < 107 cm™?),
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 em™® < np < 10 c¢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.
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BIIJINB CAMOY3TO/I?KEHOT
EJIEKTPOH-IE®OPMAIINHOI

B3AEMO/IIi HA EJIEKTPOHHI CTAHI,
JIOKAJII30OBAHI HA KPAMOBIN TUCJIOKAIIIT

M.M. Bapan, P.M. Ileaewax
Pesmowme

YV paMKax OJHO30HHOI CaMOY3TOAKEeHOI eleKTPOH-aedopMaIiitnol
MOzI€eJIi JOCTIIXKEHO BIJINB KOHIIEHTPAI]l eJeKTPOHIB mpoBigHOCTI
HA €HEepreTUYHe MOJIOXKEHHS JIOKAJIIi30BaHUX PIBHIB Ha Kpaiiosiit
mucaokarii. [TokazaHo, M0 3 pOCTOM KOHIEHTPAIl eJIeKTpPOHIB
nposigEocTi y Ccaborerosanux HamiBmposimaukax (ng < 1017
cm~3) nokanizoBaHmil piBeHb MOHOTOHHO 3CYBA€THCA B GIK MeH-
IMX eHepriif, a y CUJIbHOJErOBaHUX (1017 < np < 101° CM’3) —
Ma€ HEMOHOTOHHUHN XapakTep. BCTaHOBIEHO, M0 3 POCTOM KOHIIEH-
Tparii esexrponis mposigmocti (1017 < ng < 10" cm~3) #mosip-
HiCTb nepebyBaHHS eeKTPOHA MODIU3Y sapa KpaitoBOl TUCTOKAIT
36iabTyeThCs mpubausno Ha 15 %.
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