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The theory of the formation of double and periodic n—n™ junctions
in crystals with self-assembled defect-deformation structures has
been developed.

1. Introduction

Making use of external factors (laser irradiation,
particle-beam irradiation, and so on), it is possible to
generate point defects — interstitial atoms and vacancies
— and to control their number by varying the intensity
of the radiation source [1,2]. The interaction between
point defects in a crystal and the self-consistent field
of deformation caused by them leads to the formation
of ordered defect-deformation (DD) structures: clusters
and periodic structures [2, 3]. In work [2], the theory
describing the formation of a hierarchy of stationary
one-dimensional DD structures in an irradiated crystal
has been developed. It has been shown that, as the
growing spatially homogeneous concentration of defects
Nyo exceeds the corresponding threshold values, the
stationary localized DD mesostructures are formed first,
and the periodic mesostructures afterwards.

This work deals with the study of the formation of
n — n' junctions in crystals with self-assembled DD
structures.

2. Theoretical Model
Let the point defects be distributed over the crystal with

the average concentration Ngg. The Hamiltonian of this
system looks like

H= ZSU X Clgczcr +Z Z)‘m zUCJU+
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where S is the deformation potential constant of the
conduction band, c;. (c;,) is the Fermi operator of
creation (annihilation) of an electron with spin o in
the localized Wannier state at the i-th site, )\?j are the
transfer integrals in the conduction band in the case of a
non-distorted lattice, g is the elementary cell volume, p
is the density of the medium, ¢; is the longitudinal speed
of sound, gCoul is the energy of Coulomb interaction
between electrons, 83 = KA is the deformation
potential, A is the variation of the crystal volume
induced by a single defect, K4 is the elastic constant
under uniform pressure, [; is the characteristic radius
of interaction between defects and crystal atoms, [
is the characteristic radius of interaction of atoms
with one another, and « and (3 are the constants
of elastic anharmonic vibrations [2]. Hamiltonian (1)
makes allowance for the shift of the electron level at
the i-th lattice site owing to the deformation U(z;)
(the first term), the electron overlapping )\?j of the
i-th and j-th sites, the elastic energy of the defect
crystal taking the anharmonic terms into account (the
third, fourth, and fifth terms), the interaction of lattice
atoms with one another (the sixth term) and with
defects (the seventh term), the potential energy of
interaction between defects and lattice deformation (the
eighth term), and the energy of electrostatic interaction
between charges.
Using the condition of mechanical balance

OH
<8U(zz)> = o(z;)V, (2)
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where V is the crystal volume, we find the expression for
the stress o(x) in the defect structure which takes the
anharmonic terms and those of the electron-deformation
interaction into account:

o(x) = Sn (x) + pctU (x) — pcila|U? (z) +

0*U
+pci U () + pcild e g z) — 04Ny (). (3)
Here, n(z) = Y (c} cis)0(z — x;) is the spatial

1
distribution of the conduction electron concentration
over the non-uniformly deformed crystal, and {c cis)

is the electron-electron correlation function [4].
8?2 U(l) 8?2 O'(.L)

The deformation equation p=—+5—+ , taking
Eq. (3) into account, reads
0*U(x) §62n(aﬁ) , 02U (z) e 0*U (z 0 (z)
oz p 02 O 922 O Ozt
0 (U? (z A (U3 (z 04 0°Ny (x

The equation that describes the concentration of defects
looks like

ONg . 9*Ng  Dala y

ot T a2 kT
0 ou  LoU Ny
a(N45—+L%)Q)+Gd—;; (5)

where G is the generation rate of point defects, and 7, is
their lifetime. The recombination of defects is neglected
in this consideration (7, = 0).

In the stationary case, by solving the system of
equations (4) and (5), we obtain the following nonlinear
equation for the self-consistent deformation:

02U, S
92 —alU; + fU} — U} —ppl n(x) = 0. (6)
Here, Uj(z) = U(x) — Uy is the spatially nonuniform

part of the deformation, Uy = %Ndo is the averaged
deformation, a = (1 — Ngo/Nac) D71, f = |a| /D, ¢ =
ﬁ/D D = ZZNdO/Ndc_Z% [2], p = D_l7 and Ng. =
pctkT /62 is the critical concentration of defects.

The self-consistent diffusion- and deformation-
induced redistribution of defects in the crystal gives rise
to the emergence of an inhomogeneous distortion. Such
a distortion in the crystal with point defects, owing to
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the self-consistent electron-deformation coupling, brings
about the spatial redistribution of conduction electrons
An(z) and the emergence of the electrostatic potential
¢ (z) in the vicinity of DD structures [5,6]. To find
An(x) and ¢ (z), the following self-consistent system of
equations is to be solved:

1) the stationary Schrédinger equation

2 S €

V- 20U @)+ S (o) |0 (0) =

X

1
i (An - )\0) \I/n

a*

(@), (7)

where a* = h?/(2m*), and ) is the bottom energy of the
conduction band in a nondeformed crystalline matrix;
2) the equation which determines the concentration of
electrons

V7 (z) Uy, (2)
: (8)
()

where S\n = \n — Ap;

n(x)

3) the Poisson equation which determines the
electrostatic potential ¢ (z),

9 2
Vip(r) = ——An(x), 9)

EED

where ¢ is the dielectric permittivity of the medium; and
4) the equation for the chemical potential

Q

VO n(@)dV =n, 0<n<2, (10)
v

where n = mnpfly is the preset average number of

electrons at a lattice site.

In this work, we consider the crystals with a
substantial concentration of conduction electrons n =
(1017 =+ 10%°) cm~3 (doped semiconductors of the n-
type and metals). Under those conditions, provided that
the deformation is non-uniform, the redistribution of
conduction electrons induced by a shift of the conduction
band and a local change of its width gives rise to the
considerable charge accumulation, so that the energy of
the electrostatic interaction becomes of the same order
as the deformation energy SU [5], i.e. e|p| ~ SU. In
this case, a plane wave is a good approximation for the
solution of the Schrédinger equation (7).

In the linear approximation, the variation of the
conduction electron concentration in the vicinity of a
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self-assembled cluster is determined by the relationship
[6]

An = Rg(ep — SU), (11)

where Rg is a function that depends on the population
of the conduction band by electrons, the elastic
constants, the effective mass of current carriers, and the
deformation potential constant of the conduction band.
Taking Eq. (11) into account, the deformation equation
(6) and the Poisson equation (9) acquire the forms

82Ul - 2 3 SQRS ey
WfaUl+fUl —cUj; :pchg, (12)
and

Sg?
Ap(z) - ole) = - L 0i(), (13

respectively, where a = a—pS;CRLQS and g% = ezTROS. If the
electron-deformation interaction is neglected (Rg = 0),
Eq. (12) coincides with Eq. (11a) from work [2]. The
system of equations (12) and (13) is solved by using
the iteration method. As the first approximation, the
expression for the deformation U; (z) is searched at Rg =
0. Then, depending on the magnitude of the spatially
uniform concentration of defects Nyg, the expression for
the self-consistent deformation Uy, (x) of the lattice with
the spatial distribution of defects Ny(x), in the first
approximation, looks like [2]

U (z) = signby Nge1 < Ngo < Ngea,

A
B + sh(—+/az)’

(14)
Uo () = signfg———— Nay < Nao < N,
0l = S1g dB—f—ch(\/ﬁx)’ dc2 do des
(15)
Uo(z) = signfy———— Ny > Ny, 16
oi(r) = sig dB+sin( =) d0 d (16)

where

_1
2

A=3\/§|a|(’9ca—2f2‘) ,

B = Vaf (|9ca —2f))?

l 2
Ndcl :Ndc (lo) 5
d
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The solution of Eq. (13) is

—S‘qs e 95T %
e

p(x) = 7%69590 / U (z) e 95%dx +
e

X /Ul (x) e95%dx 4+ C1e95% + Cae™ 957, (17)

where the constants C; and Cy are to be determined
from the boundary conditions.

In the next iteration for U (x), the solution of the
inhomogeneous nonlinear differential equation (12) is
tried in the form U; (z) = Uq; () + Uy (z), where Uy, ()
is found from the equation

02Uy,

2 aUy + fUlzl +2fUqUy — CUfz_

S2Rs e
—3cUZ Uy — 3cU, U2 = p==2(52 —1). (18)
pci S

Since the deformation parameter U; () < 1, in order to
estimate the solution Uy; (z), we neglect the quadratic
and cubic terms. Then, Uy; (z) looks like

~ Q2
U (o) = Y25 R {eﬁw / (ew JEADEE S

295pc}

—e_g””/U(’]’l (x) egwd$> eV dy—

e‘/g‘”/<eg$/U6'l (x) e 9% dx—

—e“”/Ué’l (z) egmdx> e‘/gmdx} (19)

The relative errors for the potential ¢ (z) and the
deformation parameter U, (z) calculated in the first and
second iterations do not exceed 1%. Therefore, the first
approximation is enough for further calculations.
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Fig. 1. Coordinate dependences of the electrostatic potential for
various average values of the electron concentration ng = 2.6 x
1017 (1) and 1.6 x 101 cm~2 (2). The point defect concentration
Nao = 0.5 X Nac(1 + (lo/1a)*)

3. Results of Calculations and their Discussion

Calculations were carried out for GaAs crystals with the
following parameters: a* = 164.6 eV ><DA27 S =716 €V,
pct =0.79eV/A3 g =5A,1,=29 A, § =10 eV, and
Nge = 10%° cm™3. The anharmonic elastic constant o«
was evaluated by the formula o = —2vpE/(3pc?), where
E =0.538 eV/ﬁ‘x3 is the Young modulus, and v = 0.8
is the Griineisen coefficient [7].

Provided that the defect concentration Ngg < Nge1,
the internal electric field is absent, because there is
no process of defect self-assembling [2]. As a result,
there is no spatial redistribution of conduction electrons
(An(7) = 0), and the formation of an n —n* junction is
impossible under those conditions.

In the range of the point defect concentrations in
the crystal Ng. < Ngo < Nge2, the point defects
interact nonlinearly to create an antisymmetric cluster
(formula (14)). Owing to the self-consistent electron-
deformation coupling, the electron density becomes
redistributed, and a triple electric layer emerges. In
Fig. 1, the coordinate dependences of the electrostatic
potential for various average values of the conduction
electron concentration are shown. As the concentration
of electrons grows from 2.6 x 107 to 1.6 x 10'? cm™3,
the region of the barrier structure becomes more abrupt.
Accordingly, the width of the junction layer decreases
from 120 to 80 A (Fig. 2). If 63 > 0, a double n —n* —n
junction is formed, otherwise, if §; < 0, an n* —n —n™
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Fig. 2. Spatial redistribution of conduction electrons for various
values of their average concentration ng = 2.6 x 1017 (1) and 1.6 x
101 ¢cm~3 (2). Dash-dotted lines correspond to the dependence
z=a"1/2sinh~' B. Ngg = 0.5 X Ngo(1 + (lo/14)?)

one. This phenomenon is associated with the growth of
the conduction electron concentration in that crystal
region where the point defects — vacancies — become
accumulated (§; < 0). On the contrary, in the region,
where interstitial atoms are accumulated (64 > 0), there
is a lack of electrons (An(z) < 0). The divergence of
the solution at  — a~'/2sinh™! —B is caused by the
neglect of the higher-order derivatives in the expansion
series of the interatomic interaction operators [2]. If one
does take those higher-order derivatives into account,
then, in the vicinity of the plane z = a~/2sinh™' B,
there will be a transition region (dash-dotted lines in
Fig. 2) in the antisymmetric deformation well with a
finite amplitude of the electron redistribution An(x).
The width of the internal electric layer depends on
both the electron population 7 of the conduction band
and the defect concentration Ngg. As the concentration
of defects increases, the width of the internal region
increases too. Within the range Ny < Ngg < Ny of the
point defect concentration, the picture does not change
qualitatively. In this case, a symmetric potential (Fig. 3)
and, correspondingly, a symmetric triple electric layer
appear. If the electron concentration grows from 5 x 107
to 3.2 x 10 cm~3, the height of the electric barrier
increases by 0.4 V. The width of the electrostatic barrier
region and the barrier height (Fig. 3) are characterized
by the parameter k = gg(n)/+/a(Ngo,n). The growth of
the electron concentration is accompanied by the growth
of the electric barrier height. In Fig. 4, the redistribution
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Fig. 3. Coordinate dependences of the electrostatic potential for
various average values of the electron concentration ng = 5 x 1017

(1) and 3.2 x 10 em™3 (2). Ngg = Ng.(1 — a2/(98))
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Fig. 4. Spatial redistribution of conduction electrons for various
values of their average concentration ng = 5 x 107 (1) and
3.2 x 101° em™3 (2). Ngg = Ng.(1 — a?/(93))

parameter of the electronic density is depicted
for various average values of the current carrier
concentration. The increase of the conduction band
population leads to a reduction of the internal electric
layer of the double n™ — n junction.

If the concentration of defects grows further,
Ngo > Ny, the electron density becomes redistributed
periodically in space (Fig. 5), and the periodic
electrostatic potential emerges (Fig. 6). The origin of this
phenomenon is the formation of strongly anharmonic
periodic DD structures. In this case, there appear n—n*
junctions in the crystal, which are connected in series.
The spatial period of the n — n™-junction structure and
the dimension of every electric layer are governed by the
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Fig. 5. Spatial redistribution of conduction electrons for various
values of their average concentration ng = 2.6 x 10 (1) and
1.0 x 1020 cm™3 (2). Nyo = 2N,
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Fig. 6. Coordinate dependences of the electrostatic potential for
various average values of the electron concentration ng = 2.6 x
1018 (1) and 1.0 x 1020 cm™3 (2). Nyo = 2Ng4.

concentration of defects, the deformation potential
constant, the electron concentration, and the elastic
constants. If the concentration of conduction electrons
increases, the periodic electrostatic barrier structure
obtains a more pronounced character. The increase of
the point defect concentration causes a reduction of the
spatial period of the n — nT-junction structure.

4. Conclusions

1. The criterion for the n — n™ junctions to appear
in the crystals with self-assembled defect-deformation
structures is the magnitude of the defect concentration
Nao. At Ngg < Nger = 3x10® em ™3, no n—nt junctions
appear in the crystal. At Ngg > Ng. = 10%° cm ™3, the
periodically arranged and connected in series n — n™
junctions are formed.

893



R.M. PELESHCHAK, O.V. KUZYK

2. In the defect concentration range Ng.1 < Ngg <
Nyc, double junctions are formed.

3. It has been found that the height of the
electrostatic barrier at a symmetric or antisymmetric
nanocluster depends on the ratio between the
nanocluster size 1/v/a and the effective screening radius
of the electron-deformation interaction ggl .

4. It has been shown that, as the defect concentration
Ny increases, the width of the internal electric layer
of the double n — nt — n junction grows, and the
spatial period of the n — m™ junctions connected
in series diminishes. The growth of the deformation
potential constant and the conduction electron constant
is accompanied by a reduction of both the width of the
internal electric layer of the double n — n™ — n junction
and the period of the n—n™ junctions connected in series.
The presence of n—n7 junctions should manifest itself in
experiments, while measuring the volt-ampere and volt-
farad characteristics of the crystals with self-assembled
nanoclusters.
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