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A model of the deformation-diffusion phenomena in stressed
epitaxial layers has been constructed on the basis of the self-
consistent system of equations for the defect concentration and
the deformation parameter. The calculations of the stationary
profile of point defects (interstitial atoms and vacancies) and the
lattice deformation parameter in InAs epitaxial layers grown on
the GaAs substrate have been carried out. The dependence of the
deformation parameter on the distance from the heterointerface
has been shown nonmonotonous provided that there are point
defects in the epitaxial layer.

1. Introduction

The optical and electric properties of semiconductor
devices, which are based on quantum wells, are known to
depend significantly on both the lattice deformation and
the spatial distribution of point defects in the epitaxial
layer [1]. The interaction between defects and the self-
consisted field of deformation results in the formation
of ordered defect-deformational (DD) structures, in
particular, clusters and periodic structures [2].

A new aspect of the theory of self-organization of
DD structures has been considered in work [3]. In
particular, it has been shown that provided a rather
high concentration of point defects, the character of the
deformation field created by a point defect in an isotropic
solid changes.

In this work, the lattice deformation and the
redistribution of point defects are investigated on the
basis of the self-consistent system of equations for the
deformation of and the defect concentration in a stressed
epitaxial layer.

2. Model

Let point defects be distributed with the average
concentration ngg in a stressed epitaxial layer grown
on a thick substrate (hs > ho, where hy and hg
are the thicknesses of the substrate and the grown
layer, respectively). Owing to a mismatch between the
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lattice parameters of the substrate and the grown layer,
there appears a deformation £ (x) in the latter. On
moving away from the heterointerface towards the axis
of growth, the lattice deformation is modeled by the
exponential function

f(l‘) = goefaw’x 2 Oa (1)
where
as — a
gOzfm;v"‘fyy"i'gzza fyyzfzz:Toa
207
gazx - Cll fyya (2)

is the relative change of the elementary cell volume in
the grown layer at the heterointerface,

2012
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as — agp

fyy =& = a,
are the components of the deformation tensor; as and ag
the lattice parameters of the substrate and the epitaxial
layer, respectively; C1; and C12 are the elastic constants;
and « is the quantity that is reciprocal to the effective
screening radius of the deformation field and depends on
the elastic constants.

Such a deformation £(x) is renormalized self-
consistently by a spatial redistribution of mobile point
defects possessing the concentration ng(x).

The equation for the renormalized deformation e(x)
looks like [3]

1 326 82€(I) 9(1 82nd(x) 2

Y _ Jd Y rd\Y) —ox 3
c? ot? Ox2 pct Oz a*Goe™™, 3)
where 0; = KAQ is the deformation potential, K

the elastic modulus, AQ the variation of the crystal
volume after a single defect having been created, ¢; the
longitudinal speed of sound, and p the density of the
material of the grown layer.
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Fig. 1. Coordinate dependences of the deformation parameter of
the epitaxial layer for various average values of the point defect

concentration ngg = 0 (1), 0.4ng4. (2), 0.7ng. (38), and 0.99n4.

(4)

The equation for the defect concentration has the
form [2]

ong(z)  0?ng(x) 64 O
o P e Pirtan”
0 o?
<o) (B2 ) o= 20,

where D is the diffusion coefficient of point defects, [4 the
interaction length between the defects and the crystal
atoms, G4 the generation rate of point defects by an
external source, and 74 the lifetime of defects.

Below, we consider the stationary state of the
Ona(z)

DD system, i.e. supposing the conditions =g,

0 and a%(f) =0.

Neglecting the defect recombination (7, !
solution of Eq. (4) reads

na(z) = na, exp (/f; <a (z) + zgazgx(f)» ~

R ng, (1 - lf—d (8 () +13 8255;))) : (5)
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= 0), the

The last approximate equality takes place provided
2
that 4 (e (z) + lﬁ%jﬁ) < 1.
Substituting Eq. (5) into Eq. (3), we obtain

826 (.I) 1 Nde 1 —ax
oz ﬁf(x) i E&)e ; (6)

where d? = [22d0 (1 —

1 2
ndo __ pci kT
dne ) and ng. = .

Ndc 9(21
Provided the extra condition

/(nd (x) —ngo) dx =0, (7)
0

the solution of Eq. (6) at ngo < nge looks like

g—ow _ _LHlge?

ad (1+ )

_ndc£0 1
- 72 1
nao U3 2= — a?

als

(8)

Taking into account the deformation parameter
e (x), the spatial redistribution of defects caused by the
self-consistent interaction between the point defects and
the deformation field is described by the expression

Oa (naco 1
= 1 E— p—
na(2) = ndy < TR (ndo 17 3= —a?

1 l2 2
X ((1 +15a%) e " — —tlc‘zaew/d)>>. (9)

In the limit case © — oo, the deformation & () — 0
[see Eq. (8)], and the defect concentration approaches
the spatially uniform distribution [ng(z) — ngo, see
Eq. (9)]. In the absence of defects (ngo = 0), the crystal
undergoes a deformation only due to a mismatch of the
crystal lattice parameters between the substrate and the
epitaxial layer (e (z) = e **).

3. Numerical Calculations and Discussion of
Results

The numerical calculations of the deformation parameter
and the spatial distribution of defects were carried out
for the system InAs/GaAs (as = 5.65 A; ag = 6.08 A;
Ci11 = 0.833 Mbar; Cio = 0.453 Mbar; a = 0.1 A_l;
lg=29 A; T =300 K; and 65 = 1 eV).
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Fig. 2. Spatial redistributions of point defects of the tension-center type (64 > 0) (a) and the compression-center type (84 < 0)(b) for

various average values of the defect concentration ngg = 0.4ng4. (1), 0.7ng4. (2), and 0.99n4. (3)

The coordinate, =, dependences of the deformation
parameter € and the relative variation of the defect
concentration %—"; are presented in Figs. 1, 2 for
various average concentrations ngg within the interval
0 < ngo < nge. The dependences ¢ (z) and A%é‘”)
are nonmonotonous and possess minima, the positions
of which are governed by the average concentration
of point defects ngy. As ngg grows, the minima
move away from the heterointerface. Such a behavior
of those dependences can be understood from the
following reasons. Both the deformation parameter
¢ and the spatial redistribution of point defects
%—:Od are determined by two self-consistent competing
factors: the component of a deformation that arises
due to the mismatch of lattice parameters in the
substrate and the epitaxial layer, and the component of
deformation induced owing to the spatial redistribution
of defects.

There exists such a limit concentration of defects,
at which the deformation of the epitaxial layer lattice
in the vicinity of the heterointerface changes its
sign. Such a phenomenon is observed if the average
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concentration of defects is in the range &Xigdlgndc <

ngo < Nge- It can be explained by the fact that the
grown layer near the heterointerface becomes either
enriched with interstitial atoms at 6; > 0 (Fig. 2)
or depleted of vacancies at 6; < 0 (Fig. 3). This
results in the volume increase of the crystal lattice in
comparison with the structure without point defects
(Fig. 1, curve 1). In compressed layers (aS24% < al"A%),
impurities (64 > 0) are concentrated near the interface
(Fig. 2). On the contrary, while moving away from
the latter, their concentration decreases. Such an effect
was observed in experimental works [4, 5], where the
stressed GaAs/InGaAs heterointerfaces were shown to
hamper the diffusion of hydrogen and defects into the
bulk of the crystal. The opposite scenario is observed for
vacancies (6g < 0) which are concentrated at a distance
of 20—50A from the heterointerface, while a reduction
of the vacancy concentration is observed in the interface
vicinity in comparison with the spatially homogeneous
distribution.

If the limit concentration is exceeded (ngo > ngc),
there emerge periodic DD nanostructures in the medium
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[2]. Tt has been shown that their formation is described ~IE®OPMAILIIS I'PATKI TA [IPOCTOPOBUN
by the Ginzburg—Landau equation. HEPEPOSIIOAUI  TOYKOBUX ~[EDEKTIB
Y HAIIPY2>KEHOMY EIIITAKCITHOMY IITAPI

1. Zhukov A.E., Egorov A.Yu., Ustinov V.M. et al. // Fiz.  O.B.Kysux, P.M.Ilerewar
Tekhn. Polupr. — 1997. — 31, N 1. — P. 19—22.

2. Emel’yanov V.I., Panin I.M. // Fiz. Tverd. Tela. — 1997. —

39, N 11. — P. 2029—2034. ITobymoBano Mozmens medopMariiiHo-qudy3ifiHuX ABUIL y HALIPY-
Emel’yanov V.I. // Ibid. — 2001. — 43, N 4. — P. 637—638. 2KEHUX eIiTaKCifHUX IIapax Ha OCHOBI caMOy3IOKEHOI CHCTeMU
Karpovich L.A., Anshon A.V., Filatov D.O. // Fiz. Tekhn. ngHgIHB JJIs1 KOHIIEHTpAaIil .;LecbeKTlB Ta mapamerpa nedopmariil.
Polupr. — 1998. — 32, N 9. — P. 1089—1093. POG/IEHO PO3PAXYHOK CTAIiOHAPHOTO .HupOCleI}O TOYKOBUX JedeK-
TiB (Mi>KBY3JIOBUHHIX aTOMIB 1 BakaHciii) Ta napamerpa medopma-
5. Chen Y.C., Singh J., Bhattacharya P.K. // J. Appl. Phys. — il rpaTKu B emiTakciiiHux mapax InAs, BUpoleHux Ha IiIKJia I
1993. — 74, N 6. — P. 3800—3804. GaAs. Tlokazano, 1m0 3a HAABHOCTI TOUYKOBUX JeMEKTIB y emiTak-
Recivod 20045, SO WP, seonamotia suosaics roposepe teopu

Translated from Ukrainian by O.I. Voitenko g A P p p-

Peszowme

406 ISSN 0508-1265. Ukr. J. Phys. 2006. V. 51, N /



