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STATIONARY AND QUASI-STATIONARY ELECTRON SPECTRUM
IN QUANTUM WIRE AND QUANTUM ANTI-DOT WITH IMPURITY
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The quasi-stationary electron states in open semiconductor cylindrical quantum dot embedded
into quantum wire and in spherical anti-dot with donor impurity are studied. The problems are
solved using the probability distribution function of electron location in the respective closed nano-
systems. The method verified for the first nano-system allowed the investigation of quasi-stationary
spectrum of electron interacting with donor impurity in quantum anti-dot without using the S-

matrix method.
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I. INTRODUCTION

The number of investigations concerning open or
resonance-tunnel semiconductor structures has essential-
ly increased. This is caused by the unique perspectives
of their utilization for the creation of field transistors,
diodes and quantum cascade lasers [1-3].

In the series of theoretical papers the calculation of res-
onance energies and resonance widths of electron quasi-
stationary states (QSSs) in nano-systems have been per-
formed using the permeability coefficient or S-matrix
methods [4]. Both of them allow obtaining the depen-
dences of energy spectra and quasi-particles life times
on geometrical parameters of resonance-tunnel structure.
However, the S-matrix method is rather cumbrous or
principally impossible for the establishing of the exciton
spectrum theory or study interaction between electron
and impurity in open nano-systems.

In Ref. [5] it is shown that the electron QSSs in sin-
gle spherical quantum dot can be found using the re-
spective parameters of distribution function W (over the
energy) of probability density of electron location in a
nano-system. Just this function makes possible to get
the limit transition from closed to open nano-systems.
It is very important for the establishment of the exci-
ton theory and electron — impurity interaction in open
nano-systems.

In the paper, using the probability distribution func-
tion of quasi-particle location in a nano-system, the elec-
tron QSSs are investigated for:

1. Open semiconductor cylindrical quantum dot
(CQD) embedded into the cylindrical quantum wire
(CQW).

2. Quantum anti-dot (QAD) with donor impurity in
the center.

II. EVOLUTION OF ELECTRON ENERGY
SPECTRUM IN THREE-WELL CLOSED CQD
EMBEDDED INTO CQW

The combined CQW containing three quantum dots of
the same material (medium “0”) separated by the shell of

the other material (medium “1”) is under study. The ra-
dius of CQW (pg), quantum dots heights (hg, h1, ha) and
different barrier thicknesses (A1, Ag) separating quan-
tum dots are fixed and shown in Fig.1b. It is clear that
such a nano-system is the closed one and quasi-particle
energy spectrum is stationary.

From Fig. 1 it is also clear that at hy — 0, he — 0 the
complicated closed three-well CQD transforms into the
single closed CQD inside CQW (Fig. la) and at h; — oo,
hs — 0o — into the single open one (Fig. 1c). Obviously,
the electron spectrum, herein, transforms into the quasi-
stationary one with the respective resonance energies and
resonance widths.

In order to obtain the electron spectrum and wave
functions in the closed three-well CQD (Fig. 1b), the
stationary Schrodinger equation is solved

H¥(r) = EV(r) (1)
with the Hamiltonian

N RP_ 1
H:—?VWV—FU(I'). (2)

The electron effective masses and potentials are the
following

to,  medium “0”
p(r) = p(z) = ,
w1, medium “17
00, P> po
U)=U(p,6,2) =4 0. medium 0" (3)
Uy, medium “1”

In the cylindrical coordinate system the variables in
Eq. (1) are separated when the wave function is written
as
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\I]nznpm (I’) =

where J,, is the cylindrical Bessel function, m is the magnetic quantum number, X,

\/ﬂ'Pg ‘Jm—l (Xnym) Jmt1 (Xnym

1 I (anm
)’ Po

P) ezmanznpm (Z);

(4)

m are zeroes of Bessel function,

n, is the radial quantum number determined by the number of zeroes of Bessel function at fixed m.
The solutions of Schrédinger equation for F,_,,m(2) function for all parts of three-well CQD are written as

Fnznpm(z) =

(0)
Fnznpm =

Ag explk: 2],

F,(i)npm = Bj cos(koz) + Bz sin(koz),
F,(i)npm = C explk1z] + Cq exp[—ki1 2],
F,Ef)npm = D cos(koz) + D2 sin(koz),
F,(é)npm = Ly explk1z] + Lo exp[—k1 2],
F,(li)npm = M cos(koz) + M sin(koz),

F,(f)npm = Gy exp|—k1 2],

—0<z< —24

—z4 < z< =23

—23<2<0

where k§ = 2u0E/h? — X7 . /p3, kT =2p1(Uo — E)/R* + X3, . /p§.
a) b) c)
h>—0 hy hi—0 hz A% ho A1 h hzaoo Az ho A, h— o
= i H
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Fig. 1. Geometrical and potential energy schemes of single closed (a), three-well closed (b) and single open CQD in CQW (c).

Using the conditions of wave function and its density
of current continuity at all nano-systems media interfaces
(z=—24,2=—23,2=0, 2 =20, 2= 21, 2 = 22) and
the normalizing condition

+oo
[ 1)z =1 (©)

there have been obtained an analytical expressions for
all the coefficients Ag, B;, C;i, D;, L;, M;, G1, (i =1,2)
(since the electron wave functions are already fixed) and
dispersion equation for the electron energy spectrum
(En.n,m)- The latter is not presented due its sophisti-
cated form. The axial quantum number (n,) numbers
the solutions of dispersion equation at the fixed quan-
tum numbers n,, m. As a result, the electron energy
spectrum (Ej, ) and wave functlon (U5 5, m(T)) in
three-well closedp CQD in CQW are completely defined.
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In order to analyze in details the process of transfor-
mation of stationary spectrum in three-well closed CQD
into the quasi-stationary spectrum in single open CQD,
according to the theory one has to investigate the behav-
ior of probability of electron residence inside the inner
CQD at hy — o0, hy —

Wsznpm = / ‘Fnznpm(z)’2 dz. (7)
z3

All numeric calculations were performed for the (-
HgS/p3-CdS nano-system with the well known materi-
al parameters, ref. [4]. Geometrical parameters of the
three-well closed CQD were the following: quantum wire
radius: po = 8amgs, barrier thickness: A = Ay = Ay =
2acqs, height of inner CQD: hg = 15an,s. The sizes of
equal (h = hy = hs) outer wells of CQD varied from zero
to physical infinity.
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Fig. 2. Evolution of probability W, _1,,(E) of electron residence in three inner parts of three-well closed CQD (a)—(c) at
different h and W](\fz)fm(E) dependence in single open CQD inside of CQW (d) at po = 8amgs, A = 2acas, ho = 15amgs.
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Before the analysis of the dependences of electron res-
idence in three inner parts of the nano-system (Wﬁznpm)
at h varying, it is convenient to introduce the concept
of pra-resonance energy (Eﬁ,znpm) corresponding to the
N-th value of the energy at which W7, . is maximal
and pra-resonance widths of N.-th discrete states band

(TS ) — the interval of energies in the vicinity of

N.n,m
pra-resonance one (Ezevznpm)- At the boundaries of this
interval the probability of electron residence in three in-
ner parts of three-well closed CQD are two times smaller
than the maximal probability (W< ) in the state with

NzNpm
the pra-resonance energy (E'Ievznpm).

Fig. 2 presents the results for the probability Wy ,,,
(m = 0,1) of electron residence in three inner parts of
the three-well closed CQD calculated at different h mag-
nitudes. From Fig. 2a it is clear that when the outer
CQDs height is rather small (h = 500apgs), the prob-
ability of electron residence at all three pra-resonance
levels (Ef_;,,) are more than two times bigger than the
probability of its location at both (or one) neighbour lev-
els. Thus, the concept of these QSSs width still does not
appear.

When the outer CQDs have the size: h = 2000ap,s
(Fig. 2b), the lower QSSs with pra-resonance energies
(E$19, ESyo, ES,) still have not widths but for the up-
per QSSs with the resonance energies (E~§107 ES,, E~‘§11)
there are the conditions for the appearence of the dis-
crete bands widths (I'§;, I'$11, I'§11)- When the height
of outer CQDs is: h = 20000angs (Fig. 2¢) already all
quasi-discrete bands are characterized by pra-resonance
energies (EY_,, ,,) and widths (I'y_, .,).

Comparing Fig. 2c¢ with Fig. 2d one can also see that
the pra-resonance energies (Efvznpm) and the respec-

tive widths (f‘ﬁvznpm) in the three-well CQD inside of
CQW are almost coinciding with the resonance energies
(E(O)e ) and widths (F(O)e ) in the single open CQD

Nznpm Nznpm
in CQW obtained within the S-matrix method [4]. We
must note that the probabilities are naturally differently

normalized.

III. QUASI-STATIONARY ELECTRON STATES
IN QAD WITH DONOR IMPURITY

The electron energy spectrum in ZnS/CdS semicon-
ductor QAD with donor impurity, placed into the center
of a nano-system is studied. The Coulomb potential of
the impurity together with the rectangular potential of
QAD create two potential wells for the electron: deep —
near the center of spherical nano-system and shallow —
near its boundary (Fig. 3). The depth of shallow well
and barrier width between the potential wells depend
on QAD radius. Evidently, the stationary spectrum of
electron localized out of the QAD is observed for the
negative energies and for the positive ones — the series
of QSSs of electron localized in the deep potential well,
characterized by the finite life times due to the ability of
quasi-particle tunneling through the potential barrier.
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Fig. 3. Potential energy scheme and electron energy spec-
trum in ZnS/CdS QAD.

The study of energy spectrum in this nano-system in
the framework of scattering matrix method meets the
problem of finding the S-matrix poles in the complex
energy plane. Therefore, the investigation of QSSs of
electron interacting with donor impurity placed into the
center of QAD is performed according to the method
developed in the previous Section.

The closed semiconductor spherical nano-system —
QAD with rg radius is embedded into the spherical shell
with radius r; being impenetrable for the electron. The
limit case of r; increasing transforms the closed nano-
system into the open one. Thus, the electron energy spec-
trum in QAD with donor impurity can be obtained as
limit transition at r; — oo of energy spectrum for the
closed nano-system.

Solving again the Schrodinger Eq. (1) in spherical co-
ordinate system with the amiltonian

N K2 1 e?
H=—V—V—-——+V 8
VY o V) (5)
where
Lo, T <T0 Vo, r<ro
w(r) = . V()= 9)
M1, T >To 0, r>ro

and introducing the values

Y 8,“40(En€ - ‘/0)

— Y = 10

60 B ) 51 B ) ( )
2410,1€2

= ’ 11

o1 eo,1h? (11)

the radial wave function can be written as

7)(0(507,) r<nro
Rng(T) = . (12)
7){1(517") r>170

Finally, two differential equations are obtained
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1 90 (o) 1 o | 1/4-(0+1/2)?
2 o *Z*QﬂLT Xo (§o7) =0, r <ro, (13)
1 9%x1 (&i7) 1 o 14— (0+1/2)°
xR ) - . 14
g o T e e =0 = -
Their general solution can be written within the Whittaker functions [6, 7]
xo(&o 1) = AoM (no, £ + Y2, &o 1), x1(&r) =AW, £+, &or). (15)

The Whittaker functions are expressed through the hyper geometrical functions of the first and second kind F'(«, v, 2),
G(a,7, z). Finally, the radial wave function is written as

AoeXP[*SOT/2]TZF(£+1+WOa 2£+27 5()7’), r <To,

Rpe(r) = (16)
Avexp[—&r/2]r' GUA+14+n1, 2042, &), T > 7).
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Fig. 4. Evolution of energy spectrum on radius (r1) for the electron bound by donor impurity in nano-system: (a) ro = 6azns;
(b) 7o = 30azns-
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Fig. 5. Quasi-stationary energy spectrum of electron bound by donor impurity in QAD calculated at o = 30, 25, 20, 15,
10, 6azns.
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Using the conditions of wave function and density of
current continuity at the media interface at r = ro [7]
together with the condition x1(r;) = 0, the dispersion
equation for the defining of discrete energy spectrum of
electron in closed nano-system is obtained. At the base
of the latter at r; — o0, likewise in the previous Section,
the quasi-stationary spectrum of electron in QAD with
donor impurity is studied.

The increasing of the potential well width (Ar =
r1—7p) brings to the decreasing of the distance be-
tween the discrete energy levels of a closed nano-system.
Among the great number of levels there are the ones,
corresponding to the states of electron bound by the im-
purity in the core of a nano-system. They can be defined
by the probability of electron residence in the core of
nano-system

ro
ﬁe:/ | Ry (r)|? r2dr. (17)
0

When r; — oo, at the background of the continuous
spectrum, the quasi-stationary spectrum of the electron
bound by donor impurity in QAD appears.

The numeric calculation of electron energy spectrum
was performed for ZnS/CdS QAD at ¢ = 0. Fig. 4 shows
the dependence of electron spectrum in a nano-system
with the donor impurity on r; radius. It is clear that
when the radius increases the width of the outer poten-
tial well increases too. Consequently, the size quantiza-
tion becomes smaller and energy levels, corresponding
to the states of electron localized in the outer well, shift
into the region of lower energies and become closer to
each other. The anti-crossing effect is observed for the
states of the electron localized in the nano-system core.
The increasing of the core radius (rg) causes that of the
number of states of electron localized by the impurity in
the inner potential well. It is reflected in the behavior of

En¢(r1) (Fig. 4b). When r; — oo, these stationary states
are transformed into the quasi-stationary with the ener-
gy coinciding to the energy of the respective stationary
states where the electron with bigger probability is in the
core of a nano-system. The finite life time is determined
by the semi-width of the respective levels.

Fig. 5 presents the energy spectrum of the electron
bound by the impurity in QAD with different radii (r¢)
calculated at r; > 5000acqs. It is clear that at the in-
creasing of the QAD radius the QSSs energies shift into
the region of lower energies. Herein, the widths of the lev-
els become smaller. It is to be noted that even higher of

2
_5670 + Vy, there are the resonance
states of electron characterized by the finite width.

the potential barrier:

IV. CONCLUSIONS

In the paper the theory of origin and evolution of elec-
tron discrete bands of probability distribution over the
energy in the closed three-well CQD in CQW depending
on the sizes of outer wells was developed.

It is established that the spectral parameters of elec-
tron in single open two-barrier CQD in CQW can al-
ways and with good exactness be approximated by the
respective spectral parameters in three-well closed CQD
in CQW.

The approved method allows obtaining QSSs of the
electron bound by donor impurity in QAD (without us-
ing the S-matrix method) and studying their depen-
dences on geometric parameters of a nano-system.

It is shown that at the increasing of the QAD radius
the energies of quasi-stationary states of the electron
bound by donor impurity are shifting into the low-energy
range of spectrum. Herein, their semi-widths are decreas-
ing.
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CTALIIOHAPHUMN I KBA3ICTAIIIOHAPHUN CIIEKTPU EJIEKTPOHA
Y KBAHTOBOMY JIPOTI TA KBAHTOBI AHTUTOYIII 3 JTOMIIIIKOIO

M. B. Tkauq, B. A. lNosoBanpkmit, O. M. Maxaners, M. M. JloBraniok
Yepriseuvkuli HayioHarvHull yHisepcumem, eya. Kourobuncvrozo, 2, Yepwisui, 58012, Ykpaina

Y poboti mocsimzkeHO KBa3iCTaliOHAPHI CTaHW €JIeKTPOHA Yy BiAKPHUTIH HamiBIPOBIAHMKOBIM muIiHAPUIHIK

KBAHTOBI#l TOUII], 110 PO3TAITOBaHA ¥ KBAHTOBOMY JPOTI Ta cepuUHiil KBAHTOBIH aHTUTOUII 3 JOHOPHOIO JTOMIIII-

KOI0. 3aJiadi po3B’sI3aHO 3a JOITOMOro0 (GyHKII PO3IO/AIYy IMOBIPHOCTI 3HAXO/?KEHHSI €JIEKTPOHA y BIAIIOBIIHUX

3aKPpUTUX HaHOCUCTEMaX. O6fpyHTOBaHI/II7I Ha HpI/IKJIa‘Hi Hepmoi' HaHOCHUCTEMU METO/[ JaB 3MOr'y LLOC.Hi‘HI/ITI/I KBa-

3icTarionapHuil CIIEKTP €TeKTPOHA, 3B’sI3aHOT0 JOHOPHOIO JOMIMIKOIO y KBAHTOBI# aHTHTOUI 0€3 BUKOPUCTAHHS

METOy S-MaTpHIL.
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