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The theory of the formation of n™ — n junctions in stressed
nanoheterosystems with quantum dots (QDs) has been developed
in the framework of the self-consistent electron-deformation model.
An electric double layer, i.e. an nT — n junction, has been shown
to emerge at the QD—matrix stressed interface.

1. Introduction

The last decade is characterized by a powerful
development of nanoelectronics, which is associated to a
great extent with the implementation of nanostructures
with QDs into the fabrication of nanooptoelectronic
devices. A specific place belongs to nanostructures wi-
th QDs that self-organize at heteroepitaxy of elasti-
cally stressed layers [1-3], because such QDs have
small dimensions (of about 10 nm) and are characteri-
zed by small dispersions of both their dimensions and
shapes. Stresses that arise in nanoheterostructures wi-
th QDs — e.g., in the course of growth processes and
at temperature variation, as well as when manufacturi-
ng the devices of solid-state nanooptoelectonics on
their basis (heterolasers [1], infra-red photodetectors [4],
tunnel diodes [5], quantum transistors [6], single-electron
memory cells [7]) — affect the shape and the height of
potential barriers at the interface QD—matrix, the energy
gap width, the discrete spectrum of energy states of
electrons localized in a QD, the filling kinetics of a QD
by charge carriers, the charge emission from a QD into
the corresponding bands of a semiconductor, the barri-
er capacity of the structure, and the width of the space
charge region.

Electrical and optical properties of nanoheterostruc-
tures with QDs are mainly governed by the energy
spectrum of charge carriers. Therefore, such properti-
es should be sensitive to the dimensions, shape, and
composition of nanoclusters InAs(CdTe), and to the
deformation of materials the nanocluster and the
surrounding matrix GaAs(ZnTe) consist of. It is so,
because a deformation influences the depth and the
character of the quantizing potential of a QD. In parti-
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cular, InAs(CdTe) nanoclusters create potential wells
for electrons and holes in the GaAs(ZnTe) matrix. The
wells can be charged negatively and positively due to
the capture of electrons and holes, respectively, from
the surrounding bulk of the matrix. The degree of
charging of a QD by charge carriers and their emi-
ssion depend on the character and the magnitude of
deformation, which the materials of a nanocluster and
the matrix are subjected to. The deformation affects
both the energy positions of local levels in the QD
and the position of the electrochemical potential in a
nanoheterostructure.

In work [8], the potential distribution in the
space charge region in the vicinity of the contact
between a metal and a GaAs semiconductor with a
layer of InAs quantum dots and the corresponding
capacity-voltage characteristics were studied in the one-
dimensional case. In work [9], in the same approximati-
on, both the potential distribution and the transport
processes in silicon Schottky diodes that contain an
array of germanium nanoclusters were investigated.
Theoretical researches in works [8, 9] were carried
out, not taking deformation effects into account. The
latter substantially affect the transport properties of
charge carriers in those nanoheterosystems with QDs,
because a mismatch between the corresponding latti-
ce constants of contacting materials amounts to about

% [3).

This work aimed at studying the potential and
electron density distributions in the vicinity of the
stressed interface QD (InAs, CdTe)-matrix (GaAs,
ZnTe). The calculations were carried in the framework
of the self-consistent electron-deformation model [10].
Knowing the regularities in a variation of the potenti-
al distribution and the redistribution of the electron
concentration in the nanoheterosystem with an array of
QDs, which occur under the influence of deformation fi-
elds, one can fulfill a predicted control over the electric
properties of semiconductor Schottky diodes created on
the basis of stressed nanoheterosystems with a QD array.
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Fig. 1. Geometrical model (a) and band diagram (b) of a
nanoheterosystem with a quantum dot. The dashed and the solid
curve correspond to the cases, when the electron-deformation

interaction is and is not taken into account

2. Model of nt — n Junction Formation in a
Stressed Nanoheterosystem with QDs

In this paper, we consider QDs that have no
pronounced crystallographic faceting, in particular,
those, whose shape approximately corresponds to a
spherical symmetry. Such a case is realized, for instance,
in an InAs/GaAs (001) heterosystem with InAs quantum
dots, when the thickness of the deposited InAs layer
is about two monolayers [11,12]. Therefore, we neglect
the contribution of island edges to the energy of elastic
relaxation.

The ordered arrangement of stressed QDs in the
crystal matrix is determined by elastic interaction
between islands which arises due to a mismatch between
the lattice constants of InAs and GaAs (f ~ 7%). To
reduce the problem with plenty of QDs to a problem wi-
th a single QD, we made the following approximation:
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the energy of paired elastic interaction between QDs is
replaced by the energy of interaction between every QD
with the mean field of elastic deformation oeg(N — 1)
of all other QDs [13]. Therefore, an InAs quantum dot
creates a potential well for electrons in the n-GaAs
matrix and for holes in p-GaAs one (Fig. 1). These
potential wells can accumulate either a negative or a
positive charge.

When the material of the InAs quantum dot is
subjected to the non-uniform compressive deformation
and the material of the GaAs matrix that surrounds the
QD to the non-uniform tensile deformation, the band
structure of the nanoheterosystem with QDs changes
locally (Fig. 1,b). Owing to the self-consistent electron-
deformation coupling, such a variation gives rise to a
redistribution of the electron concentration in the vi-
cinity of the stressed interface QD—matrix. As a result,
there emerges an excess of negative charge in the materi-
al of the QD near the heterointerface, and its deficiency
in the matrix material. Hence, there appears an nt
junction (an electron-deformation dipole P —qef) at the
stressed heterointerface QD—matrix.

—n

3. Calculation of the coordinate dependences
of electrostatic potential and electron
concentration in a spherical InAs quantum
dot and the GaAs matrix

The mathematical model of n* — n junction formation
at a stressed heterointerface QD—matrix is described by
the following self-consistent system of equations. First,
it is the Schrodinger equation

2 . ~ .
{Qiﬁ Ar + Viap(r) = e%(r)] () = EupP(r),

K2

8

Vi) = {

where AFE,. is the depth of the potential well for electrons
in the InAs quantum dot in undeformed InAs/GaAs
heterostructure, En = FE, — Ao are the eigenvalues of
the Schrodinger operator, Ag is the bottom energy of
non-deformed allowed band, and ag) is the constant of
the hydrostatic deformation potential of the conducti-
on band in the i-th material, and ¢;(r) = Sp &; is

1 =InAs
2=GaAs ’ (1)

~(1aE| -

agl)a’ - ‘ag2)€2’) ,

(2)

)
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the deformation parameter of the i-th material in the
nanoheterostructure, which is determined by the atomic
displacements u;. The latter are found from the equation
of equilibrium

Vdivu; = —DWF® (r), (3)

where F() (r) = —edE®) and D) = % Here,

JE is the excess electric field that emerges in the vicinity
of the QD—matrix stressed interface, and its strength is
determined as a gradient of the electrostatic potential

) ()
((5E(’) = —%ﬁ), ae) is the lattice parameter of the

i-th nanoheterostructure material, v; is Poisson’s ratio,
FE; is the Young modulus, and e is the electron charge.

The potential ¢ (r) is determined from the Poisson
equation

= ——An;(r), (4)

where E((;) is the relative dielectric permittivity of the i-
th nanoheterostructure material, An;(r) is a variation of
the electron concentration in the vicinity of the heteroi-
nterface QD—matrix. The electron concentration n;(r) is
determined in terms of a superposition of wave function

products as

¢
Z exp (8

where the wave functions are the solutions of
Schrodinger equation (1), and p; is the chemical potenti-
al of the i-th nanoheterostructure material.

The system also includes an equation for the determi-
nation of chemical potential,

1
5 / n(r)dr = no, (6)

where Qg is the elementary cell volume, and ng is the
average concentration of conduction electrons in the
nanoheterostructure with QDs.

Since we consider a spherically symmetric
nanoheterosystem (matrix + QD), which is justified for
crystals with cubic symmetry, the system of equations
(1)—(6) looks like

)wﬁ:‘)(r>
— )+ 1

()

h2 d? 2d (l+1 i
{ (dr + - r dr ( r2 )> + Vd(eg(r) - 6901'(7")
xR (r) = E, R% (r), (7)
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where RSZ)(T‘) is the radial wave functions of electrons
in the i-th semiconducting material. These functions are
determined from the radial Schrodinger equation with
deformation potential (2):

R (r) = Agi(karr) + Bry(knir) 0<r <Ry,

Rgl)(r) = Chl(l)(ixnlr) + Dhl(z)(ixnlr) , Ro<r<Ry,
(8)

where

k2, = le (’V _|E )

nl — def nl|
2m
Xo1 = o |Enil - 9)

The continuity conditions for the wave functions and the
probability density flow at the stressed interface QD-
matrix,

R () [r=ry = R () |=ro»

1R 1 dRP() (10)
m;  dr r=Fo ms  dr r=Fo»

the regularity conditions for the functions Rsl) (r) at
r — 0 and r — Rj, and the normalization conditions
determine the energy spectrum F,; and the wave functi-
ons of an electron in the InAs/GaAs heterosystem with
an InAs quantum dot. The energy of the ground state
of the electron in the QD is determined by the following
transcendental equation:

T mi 1+ exp[2x (Ro — R1)]
ktg (kRy —n—) = x—
g( 0 n2) szlfexp[Qx(Ro*Rl)]—i_
mi —m;
=1. 11
homs " (11)

The equation of equilibrium (3) looks like

20 2du? 2, o dp@(r)

GUr 20Ur 26 _ pli), P \T) 12
dr? r dr p2 i a0 (12)

where ugi) is the radial component of an atomic di-

splacement in the i-th semiconducting material. The
general solution of the inhomogeneous equation (12) is
tried as a sum

ul(r) = ul") () + e (), (13)
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2

of the mechanical, ug,ir)nech(r) = C’{i)r +

and  the 5«21 def(T) =

D m f r2pl (r) dr, displacement components.
For small concentrations of conduction electrons in
the nanoheterosystem matrix (ng < 10¥cm=3), the
values of the electron-deformation component of a di-

electron deformation,

splacement ufgﬂf aet (1) at a QD are one order less than

the mechanical component of a displacement uffr)nech(r).
Therefore, we neglect the latter in the first approximati-
on.

The displacement field determines the following

components of the deformation tensor:

1) _ (1) _ (1) _ ~@
5(),5&&,5 fCl(), (14)
) 20(2)
e =0 - =5, (15)
(2)
9 C
5502) 599 C( ) 4 :3 (16)

The coefficients V), C?), and C, (2) are determined from
the solution of the followmg system of equations:

Ur )|?”: 0o u7(“1)|1‘:R0 = fRo,
0'7('}')|T:R0 = Jg'?')'r:Ro + PL |7’:Ro ’ PL = ﬁ7
0—|ur
A ep, = —0er (N —1,);
(17)

where « is the surface energy of QD (InAs) [14], f =
a<1(>1(_1?<2> ~ 7% is the parameter of a lattice mismatch

between the contacting materials, and 0'7(}7) is the radial
component of the mechanical stress tensor for the i-th
material [15].

We write the Poisson equation (4) as

d?p
dr?

2 dp® e
r dr 5g)50

(n;(r) —ng) . (18)

The concentration of charge carriers in the stressed
nanoheterostructure with a QD was calculated adopting
the model of d-like density of electron states in the QD:

—2(E' — En)2>

- ~

1
T /2AE P (

In particular, at the temperature 7' = 0, the distri-
bution of charge carrier concentration n;(r) in the QD
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(0 <7 < Rp) and the matrix (Ry < r < Ry) is determi-
ned by the formula

n=xg") —alDel) +ep; (r)

(r) QNQD 72(}:;’—2}21)2 o
n; (r) = B
a(®)
J /2 AE
N, V2
nlm’ dE' = wﬁllm‘ QD <erf <EE1>+

—I—erfﬁ (M—El /\(Z aDel®) + ep; (r )))

AL (19)

where Ngp is the surface concentration of QDs (for
the InAs/GaAs nanoheterostructure with InAs quantum
dots, Ngp ~ 3 x 10'° [16]), AE is the Gaussian
curve half-width, F, is the electron energy at the fi-
rst localized level in the quantum well, wnlm (r,0,p) =
Ril)( )Yim (0, ¢) is the solution of Schrédinger equation
(1) in the spherical coordinate system, and Y;,, (0, ¢) are
the Legendre spherical functions [17].

Since the concentration of charge carriers n; (r) in
Poisson equation (18) is a nonlinear function of ¢; (r)
[see Eq. (19)], we linearized it. Instead of expression (19),
we used its expansion into Taylor’s series:

T/’(i) ’ M {erf <£E1> +

nlm a® AE
V2 () _ o020
~+erf (AE (u Ey =Xy —ag frr) +

+\/§L
’/TAEe

The solution of Poisson equation (18) in the QD and
the matrix, which took expression (20) for the electron
concentration into account, was found for the averaged

probability density ‘1;’2 It looks like

sinh ( a%r)

—aby,
,

exp (— a—tr) exp ( a—tr)
+ Bs -
r r

(2 e (2 (V2]
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n;(r) =

72(H7E1*>\(()i)*ag)5(r?)2

AEZ2

(). (20)

p1(r) = A (21)

pa(r) = By

(22)
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where
—t
Bi(z) = —/%()dt,
1 e? !1/] | N, \/E
— = |1 D
ai 6((11)8066() @ AE
2
2 (- B - A0 —aC)
X exp AL? ,
IR
— = ——|¢o| Nop+—
ag 5((12)6066() @ AE
2
2 (- B AP —aPC)
X exp AL? ,
2) (2, 8
2ac7Cy \/;
dy = ——2>— |[¢2|” Nop X
522)5()@(2 ’ | WAE
2
2 (- B -2 —aP0?)
X exp

AE? ’

N)

. V2
by = ()}7,/11|2NQD[erf<E +
€4 €0a(1)
)>

Dy
Lerf (A_ﬂ (# RO 1)C(1 a ]
B |41]” Nop
bQ = (2)7 }'IJZJ2| NQD |f)1“f (El) +

€4 E()CL(Q)

\/5 (2) (2) al )no
+erf w—E; =Xy — ag)C - .
(AE ( 1 ) |7/12|2NQD

The coefficients Ay, B, and By in expressions (21)
and (22) are determined using the continuity conditi-
ons for the potentials ¢1(r) and ¢o(r) and the normal
component of the electric displacement vector at the
stressed heterointerface and the electroneutrality condi-
tion

W (1) lr=ry = ¢® (r) lr=Rq

dp™®(r) N el ()
! dr r=Rp - dr r=Ryo (23)
R() Rl
[ r?Any(r)dr+ [ r*Ansy(r)dr = 0.
0 Ro
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Fig. 2. Coordinate dependences of the electrostatic potential ¢ (r)
in the nanoheterosystem with QDs with dimensions Ry = 50 (a)
and 100 A (b)

4. Numerical Calculations and Discussion of
the Results Obtained

In this section, we present the numerical results of
theoretical researches of the coordinate dependences of
the electrostatic potential and the electron concentrati-
on in the QD and the matrix for the InAs/GaAs
nanoheterosystem obtained in the framework of the
deformation potential model.
are as follows [14,18,19]: (¥ = 6.08 A, a®® = 5.65
A, ¢Y = 0.833 Mbar, C}) = 0.453 Mbar, C? =
1.223 Mbar, C\2) = 0.571 Mbar, AE, (0) = 830 meV,
a = —5.08 eV, ol = —7.17 eV, E{Y (0) = 0.36 eV,
E(0) = 1.452 eV, Ry = 1000 A; oo = 10° N/m?,
m{® = 0.057mg, m (e> = 0.065mo, and a = 0.657 N/m.

In Figs. 2 and 3, the coordinate dependences of
the electrostatic potential ¢ (r) and the redistribution
of electron concentration An (r), respectively, in the
InAs/GaAs nanoheterosystem including InAs quantum
dots with dimensions Ry = 50 and 100 A are depicted.

The system parameters
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Fig. 3. Coordinate dependences of the electron concentration
An (r) in the nanoheterosystem with QDs with dimensions Ry =
50 (a) and 100 A (b)

One can see (Fig. 2) that the potential ¢ (r) in this
nanoheterosystem falls down, if the QD size grows. In
particular, the increase of the QD radius from 50 to 100
A brings about a reduction of the electrostatic potential
at the interface QD—matrix by approximately 206 meV.

Depending on the QD dimensions, the potential di-
stribution ¢ (r) in such a nanoheterosystem has either
a monotonous (Fig. 2,a) or a nonmonotonous (Fig. 2,b)
character. In particular, for QDs with Ry = 20 <+ 70 A,
the coordinate dependence of electrostatic potential is
monotonous, whereas, if Ry > 70 A, it is nonmonotonous
and has a maximum, whose position is determined by the
QD radius. Such a character of the electrostatic potenti-
al distribution ¢ (r) in QDs with different dimensi-
ons is governed by the redistribution of the electron
concentration An = An (r) (Fig. 3) in the vicinity of
the QD-matrix interface. In the QD itself, the potenti-
al ¢ (r) varies strongly, but when the distance from the
QD-matrix interface grows (r — Rj), it tends to the
value ¢(7)| =g, = (B2/R1) exp(R1//a2) — azbs.
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Fig. 4. Geometrical representation of the n™ — n junction at the
QD-matrix interface

The plots presented in Fig. 3 clearly demonstrate
that, in the vicinity of the QD-matrix interface, there
occurs a spatial redistribution of electrons, so that
there emerge an excess of electrons in the QD near
the interface and an electron deficiency in the matrix.
Electrostatic interaction between charges leads to such
a redistribution of the electron concentration that there
arises an electric double layer, i.e. an nt — n junction,
at the QD—matrix interface (Fig. 4). The profile of the
majority charge carrier concentration in the vicinity of of
the QD—matrix interface can be determined from experi-
mental C-V characteristics, by using the formula [20]

: ) d (1\]"
n® (ry) =2 [edz EOAQW (CQ>] ,

where A is the area of the contact between the QD and
the matrix, and ry is the running coordinate of the
space charge region boundary. The electric properties
of the n™ — n junction can be controlled technologically
by varying the surface concentration of quantum dots,
Ngp.
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A reduction of the QD symmetry will not result in
the disappearance of p —n (n™ — n,p™ — p) junctions
at the QD-matrix interface. It only will induce the ani-
sotropy of electric properties of those junctions.

The presence of p—n (n™ —n, p* —p) junctions at the
QD-matrix interface can be detected by measuring the
current-voltage characteristic (CVC) of the nanocontact
between the QD and the matrix [9,21].
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®OPMYBAHHS nt — n IIEPEXO/IIB HA HAIIPY KEHIN
MEZKI KBAHTOBA TOYKA-MATPUIIA

P.M. Henewax, 1.4. Bavuncorud
PesowMme

B mMexax Mogesi camMoy3rofpKeHOro ejeKTpPOH-1edopMaIiiHOro
3B’sI3Ky 106YI0BaHO Teopilo dhopMyBanHs nT — n HepexomiB y Ha-
IIPYy?KEeHUX HaHOreTepocCucreMax 3 KBAHTOBUMU TOYKaAMU. HOKaBa—
HO, III0 Ha HaIPY>KeHiil MeKi KBAHTOBA TOYKa — MaTPHIlS BUHUKAE
noBiliauit eexkTpuanHMit map, Tobro nt — n mepexin.
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