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The effect of a constant electric field and donor impurity on the energies and oscillator strengths of electron
intraband quantum transitions in double-well spherical quantum dot GaAs/AlxGaj_,As/GaAs is researched.
The problem is solved in the framework of the effective mass approximation and rectangular potential wells and
barriers model using the method of wave function expansion over a complete set of electron wave functions in
nanostructure without electric field. It is shown that under the effect of electric field, the electron in the ground
state tunnels from the inner potential well into the outer one. It also influences on the oscillator strengths of
intraband quantum transition. The binding energy of an electron with ion impurity is obtained as a function of
electric field intensity at a different location of impurity.
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1. Introduction

Multishell quantum dots (QDs) are new and very interesting objects of research in nanostructure
physics. The existence of several potential wells with sizes, which can be changed in the processes of
nanostructure growth, allows one to create multimodal sources and detectors of electromagnetic waves.
The relationships between the sizes of the potential wells determine the location of quasi-particles. The
external fields significantly change the energy spectra and location of quasi-particles too. For example,
in [[1H4] it is shown that the electron location is changed under the effect of a magnetic field. The electron
in the ground state tunnels from the outer potential well into the inner one. This process is accompanied
by the varying oscillator strengths of intraband transitions.

The study of the impurity states in semiconductor nanostructures was initiated only in early 1980s
through the pioneering work of Bastard [5]. In spite of the growing interest to the topic of impurity
doping in nanocrystallites, the majority of theoretical works have been carried out on shallow donors in
spherical QDs employing perturbation methods [6H10] or variational approaches [[11H16]. For example,
using the perturbation methods, Bose et al. [6H9] obtained the binding energy of a shallow hydrogenic
impurity in spherical QDs. Based on variational approaches, Zhu [11} [12]] studied the energies of an
off-center hydrogenic donor confined by a spherical QD with a finite rectangular potential well. Using
the plane wave method, Li [[17] calculated the electronic states of hydrogenic donor impurity in low-
dimensional semiconductor nanostructures in the framework of the effective mass envelope-function
theory. In [18], the influence of central impurity and external electric field on the energies of intraband
quantum transitions and absorption coefficient is studied in spherical quantum dot CdTe/ZnTe.

The effect of impurity on the energy spectra in multishell nanostructures is researched within different
methods in [19425]]. It is shown that electron-impurity binding energy depends on the sizes of nanos-
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tructure and impurity location. The external electric field changes the most probable electron location
and increases or decreases the binding energy depending on the impurity location. Besides, in multishell
nanostructures, the electron changes its location under the effect of an electric field. That is manifested
by the optical properties and can be used in new optoelectronic devices. The effect of electric field
on quasi-particles energy spectra in spherical nanostructures with one potential well is investigated in
[181 126} 27].

In this paper we study the electron energy spectrum and the wave function of its ground state as
functions of the intensity of electric field taking into account the polarization effects, which arise due to
the presence of interfaces between nanostructure materials. The oscillator strengths of intraband quantum
transitions and binding energy of electron with donor impurity are calculated at its different location.

2. Theoretical model

A semiconductor spherical QD consisting of a core-well with the radius ry, a barrier of the thickness
A =1y — rg and a well of the width p = r, — r; placed into the semiconductor matrix-barrier is studied.
In order to investigate the effect of the electric field on the electron energy spectrum and wave functions
in the nanostructure with impurity, the Schrodinger equation with the Hamiltonian

2

. R
H=-V
2pu(r)

V + Vi (r, 0) + Vo(F) + Vo (r, 0) + W (r) + U(r) (1)

is solved. The confining potential U(r) and the effective mass u(r) are step-like functions:

0, r<ry, r<r<rn,
Ur)y=4YV, ro<r<ri, (2)
00, r>r,
mo, r<ry, r <r<rn, wells,
u(r) = : (3)
my, ro<r<riy, barrier.

The potential energy of interaction between the electron and the positive ion, which is located at z-axis
at the distance rimp from the center of the nanostructure, has the form

Ze?

Vef) = ———.
5|r_rimp|

)

where € = /e &; is an average dielectric constant, &1, &, are the dielectric constants of semiconductor
materials of the wells and barriers, respectively.

Ze(e - €3) V;{Vk k+1
Vo, (r,0) = — P 0). 5
p(r,0) &ry kzo r22k ke + (k + 1)e3 k(cos ) )

Here, &3 is the dielectric constant of semiconductor matrix-barrier and Py (cos 6) is the Legendre poly-
nomial. A formula arises from the existence of the polarized surface charges at the dot boundary and
describes the interaction between the ion and electron [28]].

W(r) term in formula describes the electron self-polarization potential, which in the case of a
small difference between €| and ¢; is simplified to the following form [27 28]

3 (e - &) — k+1 2%k
wir) = 8mer ;) ke + (k + 1)e3 (r/r2) ™. ©)
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Here, V(¥) is an electrostatic potential of the electron in external field F applied in z-direction

aor, r <ro,
1
a1r+—2, ro<r<rp,
r
Vi (r,0) = —eF cos 8 by @)
a2r+—2, r <r<rn,
r
b3
r+ —, r>nr.
r2

The coefficients a; and b; (presented in the appendix [A) are obtained as solutions of Poisson equation
with standard dielectric boundary conditions at the interfaces.
If F =0, Z =0, the Schrodinger equation with Hamiltonian @) has exact solutions

Dpem(r, 0, 9) = Rue(r)Yem(6, @), (8)

where Yz,,,(0, ¢) are spherical functions, and the radial wave functions are written as:

ROr) = ADTD (ner) + BOND (uer). 120,12, ©
() _ ) Jelkner), i=0,2,

Jp " (Xner) —{ LCnery i=1, (10)
(i) ne(kner), i=0,2,

n = . 11

N{? (Xner) { KeCpner), i = 1. (11)

Here, j,, ny are spherical Bessel functions of the first and the second kind, /., K, are modified spherical
Bessel functions of the first and the second kind, k,,, = (2m0E0 JWY2, xne = [2m(V — ng)/h]l/z.

The unknown coefficients Ag;, B,(;; and the electron energies EB[) in QD are obtained using the
continuity conditions for the wave functions and their densities of currents at all interfaces:

] i+1
pr () = R, (1)

R(‘) (r) 1 dR(‘“) (r) i=012 (12)
mi T dr mis1 dr
r=r; r=r;
and the normalization condition for the radial wave function
J|Rng(r)|2r2dr =1. (13)
0

The coefficients Bilog) =0, ASg = 0 from the condition that the wave function is finite at » = 0 and
r — oo, respectively. In order to study the electron properties in a nanostructure driven by the electric
field, we are going to use the method of expansion of the quasi-particle wave function using a complete
set of eigenfunctions of the electron in a spherical nanostructure without the external fields obtained as
the exact solutions of Schrodinger equation. When the external fields are applied, the spherical symmetry
of the problem is broken and the orbital quantum number ¢ becomes not a valid one. Now, the quantum
number j determines the number of the energy level with a fixed magnetic quantum number m. The new
states characterized by a magnetic quantum number m are presented as a linear combination of the states

characterized by the functions ®@,,¢,,,(F)

Uim P = D" Catuem(F). (14)
n ¢

Substituting (9) into the Schrédinger equation with Hamiltonian (T]), we obtain a secular equation

|Hn€,n’€’ - Ejmén,n’5f,f’| =0. (15)
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In order to obtain the electron energy spectrum and wave functions under the effect of external fields and
impurity, one should calculate the eigenvalues and eigenvectors of the matrix. Herein,

Hutwer = E2pSw.n + E@eme e41 + BemOe,e-1)Unerne + Iy nede e (16)
bttt = | O OVDOUGIE. Urtine = [ PRy ORue0)
v 0

2 —(m+ 1) €2 — m?
dem = s ﬁf,m = ,
QC+3)2t+1) 402 — 1

where £ = eFe and ¥ = (r, 6, ).
In the nanostructure driven by an electric field, the intensity of intraband quantum transitions is given
by the formula

2

liiy ~(E; — Ef) ) (17

I Wi (F)r cos Oy ¢ (F)dV
1%

In this paper, the energies and the intensities of quantum transition are found as functions of the electric
field strength.
The probability of intraband quantum transitions is determined by the oscillator strength

Fip = 2maw;g|dis|? [he?

(wiy is the frequency and d; is the dipole momentum of the transition). Using the atomic energy units, the
radial coordinate and taking into account the coordinate-dependent electron effective mass, the formula
for oscillator strength of the transitions from the ground state (j = 1, m = 0) takes the form [2]:

2
Fig = (B - Ep) [t reos o1 (18)
The Thomas-Reiche-Kuhn sum rule must be fulfilled
D Fiyp=1, (19)
f

where i denotes the initial state and f is the final state of the transition. It gives an opportunity to find all
quantum transitions and controls the accuracy of numerical calculations.

3. Results and discussion

The computer calculations were performed using the physical parameters of Al,Ga;_,As semicon-
ductor with Al concentration x = 0 for the potential wells and x = 0.4 for the barriers, my = 0.067m,,
my = 0.1me, V=297 meV, g = 13.2, &, = 11.9, &3 = 1, where m, is the mass of a pure electron. The
sizes of potential wells are selected in such a way that the electron should be located in the core of a
nanostructure without an electric field and impurity (rp = 6 nm, p = 5 nm, A = 2 nm).

In figure |1} the radial distributions of probability densities for the electron in the ground and three
excited states are presented. We took into account not less than 36 terms in the expansion @]) n=1,...,6
and £ =0,...,5). When the electric field intensity increases and the impurity shifts from QD center, the
number of states |n{m), which make a significant contribution into 1 ;,,(¥), increases.

The results of |w10(7)|2calculations show, fi gure that the electron, at certain geometric parameters, is
located in the core of a nanostructure. When the electron is driven by an electric field, it tunnels through
the barrier into the outer potential well. Moreover, when a central impurity is present, this transition
happens at a bigger value of the electric field intensity, which compensates the Coulomb attraction
between the impurity and electron.
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Figure 1. (Colour online) The radial distribution of probability density for the electron in the states |10),
[11), |20) and |21).
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Figure 2. Distribution of electron density in the ground state in a nanostructure with and without impurity
at different values of the electric field intensity (F).

The electron energies as functions of the electric field intensity (F) are presented in figure[3] It is clear
that the change of the electron location is accompanied by the effect of anti-crossing energy levels. If the
impurity is located at the distance rjmp = —2z0, the anti-crossing of energies happens at the same intensity
of the electric field the same as without impurity. The ground state energy of an electron, located in the
outer potential well, linearly decreases at a bigger intensity.
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Figure 3. Electron energies as functions of the electric field intensity in QD with on-center impurity
(solid curves), at rimp = —z¢ (dashed curves) and without impurity (dotted curves).
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Figure 4. Electron-impurity binding energy as a function of the electric field intensity at rimp = —z1,

-20, —20/2, 0, z0/2, 20, 21-

Under the influence of the electric field, the electron changes its most probable location generating,
in its turn, a varying binding energy with the ion impurity which is determined by the formula

Ey = Ejo - Ep”, (20)

where E is the energy of electron ground state without impurity, E ig‘p — that with the impurity.

In figure [4] the electron-impurity binding energy as a function of the electric field intensity at
Fimp = =21, =20, —20/2, 0, 20/2, zo, z1 is shown. The figure proves that at zo > 0, the binding energy
monotonously decreases because the electron moves from the impurity, but at zg < 0, the function has a
non-monotonous character, because the electron at first moves to the impurity and then from it.

In figure [5] the dependences of the binding energy of an electron with impurity on its location are
shown at different values of the electric field intensity. An increasing electric field intensity shifts the
maximum of the binding energy and weakly changes its magnitude.

The results of calculations of oscillator strengths of intraband quantum transitions are presented in
figure [6] These non-monotonous dependences are explained by a varying symmetry of wave functions,
and their overlapping due to the electron changes its location.

In figure[6] the oscillator strengths of intraband quantum transitions are presented as functions of the
electric field intensity. The numeric calculations are performed at a magnetic quantum number m = 0,
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Figure 6. (Colour online) Oscillator strengths of intraband quantum transitions as functions of the electric
field intensity. Solid curves — with impurity, dashed curves — without impurity.

thus we denote the states only by a quantum number j = 1,2, 3, . ... From the figure one can see that the
quantum transition between the ground and the first excited state (|1) — |2)) is the most intensive in the
whole range of the electric field intensity when there is no impurity. When the central impurity appears,
besides the transition |1) — |2), the oscillator strengths of quantum transitions into the states with bigger
energies (|]1) — |3), [1) — [4), |1) — |5)) essentially increase. These optical properties of multishell
nanostructures can be used in semiconductor devices.

4. Summary

The effect of an electric field and a shallow charged impurity on the intraband quantum transition
of an electron in the spherical multishell QD with two potential wells is investigated. The Schrodinger
equation is solved using the matrix method and the effective mass approximation, taking into account
the polarization effects. We studied how the electron changes its location in a nanostructure driven by an
electric field. The sizes of potential wells are selected such that the electron, in the ground state, is to be
located in the core of nanostructure without electric field and impurity. Under the effect of an electric
field the depth of the outer potential wells increases, because the electron tunnels from the core-well into
the outer one. The electron changes its location which manifests in the complicated behavior of oscillator
strengths of intraband quantum transitions depending on the electric field intensity.
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A.

Solutions of Poisson equation

ap = 271‘13}’23818283{2}’8(81 - 82) [}"13(281 + 82)(81 - 83) + I’23(82 - 81)(283 + 81)]

-1
+ r13(281 + &) [21"13(82 —&1)(e1 — &)+ rg’(sz +2¢&1)(2e3 + 81)]} ,

ao(2e; + €1) (e — 1) ar [2b1(1 — &) + i (&2 + 281)]
= —’ bl = —’ a2 = 9
3g) g1+ 2& 37331
rl3 [r13(81 —&)+bi(er + 282)] 2ap,br61 — azrgsz + r5’83
2 = ) 3 = .
2bi(e) — &) + r13(281 + &) 2&3
If &1 ~ &, and & = /g] &3, the coefficients a; and b; have the form
3

3e ry(e3 — &)

a=aj=ay = —>, by =by =0, by = 22—
c+e&3 £+ 2¢&3
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OnNTUYHI BNacTUBOCTIi KBAHTOBOI TOUKN GaAs/Al,Gaj_,As/GaAs
3 HEeLLeHTPa/IbHOIO0 AOMILLKOIO NiA BNJINUBOM e€/1eKTPUYHOro nons

B.A. lonosaubkuii, M.4. AxHeBun4, O.M. BoiuexiBcbka

YepHiBeLbKuii HauioHanbHWIA yHiBepcuTeT im. HO. PeabkoBuYa,
By/1. KoutobuHcbkoro, 2, 58012 YepHisui, YkpaiHa

JocnigxeHo BN/IVMB MNOCTIIHOTO eNeKTPUYHOro MoAs Ta AOHOPHOI AOMILLUKW Ha eHeprii Ta cuanm ocuu-
NATOpa BHYTPILUHBO30OHHMX KBAHTOBMX MNepexoAiB efeKkTpoHa B ABOSIMHI CHepuYHiii KBAHTOBIN TouLli
GaAs/AlxGa|_,As/GaAs. 3asaua po3B'azaHa B paMkax HabaxKeHHs epeKTMBHUX Mac Ta MOAeNi NPAMOKYTHUX
noTeHLjafbHUX M i 6ap’epiB MeTOAOM pPO3kaaZy XBUAbOBOI GYHKLi 38 NOBHMM HabopPOM XBUILOBMX GYHKLLA
e/1eKTPOHa Y HaHocucTemi 6e3 enekTpuyHOro noss. MokasaHo, Lo nig BNAVNBOM €1eKTPUYHOro Nos enekTpoH
B OCHOBHOMY CTaHi MOXKe TyHeNntoBaTh 3 BHYTPILUHbOI MOTeHLianbHOI MM B 30BHILLHI0. Lle cynpoBOAXYETbCA
3MIHOK CUN OCLUMNATOPIB BHYTPILLHLO30HHUX KBAaHTOBUX nepexojiB. OTpUMaHo 3aNneXHicTb eHeprii 3B'A3Ky
€/1eKTPOHa iOHOM JOMILLIKW Bif Hanpy>XeHOCTi eNeKTPUYHOro MOAS MPU Pi3HUX NOAOXEHHSAX AOMILLKN.

KnrouoBi cnoBa: 6aratoLaposa kBaHTOBA TOYKa, AOMILLKAE, BHYTPILLIHbO30HHI KBAHTOBI repexoau
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