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The energies and lifetimes of the quasistationary states of
quasiparticles in an open cylindrical quantum wire have been
calculated numerically in the effective mass approximation making
use of the scattering matrix method. The calculations have been
performed for a GaAs/Al;Ga;_5;As/GaAs nanoheterosystem.
The dependences of the quasiparticle lifetimes in quasistationary
resonance states on the geometrical sizes of nanosystems and the
quasiparticle’s longitudinal quasimomentum have been obtained.
The lifetime of quasiparticles in the system concerned has
been shown to decrease exponentially with increase in their
longitudinal quasimomenta. For energies above the potential
barrier, a repulsion of energy levels, which manifests itself through
a nonmonotonic lifetime behavior, is observed.

1. Introduction

The first advances in the creation of lasers based
upon semiconductor quantum wires and semiconductor
quantum dots [1-3], as well as the promising prospects
in the development of essentially new semiconductor
devices, which are based on quantum-mechanical
phenomena, have attracted the efforts of many
researchers to the study of physical processes that occur
in one- and zero-dimensional nanosystems. At present,
a plenty of scientists, both theorists and experimenters,
works in this branch. Modern technological methods
allow complex multilayered nanoheterostructures of
various dimensions to be created [4, 5], which stimulates
the intense theoretical studies of physical phenomena in
such nanosystems.

The theory of electron, hole, and exciton spectra,
as well as the theory of the interaction between
those quasiparticles and phonons in closed spherical
multilayered nanosystems in the framework of the
effective mass approximation, has been developed in
works [4-8].

For closed nanosystems, the environment represents
the highest potential barrier with respect to the
potentials of internal layers. Therefore, the wave
functions of quasiparticles, whose energies are lower
than the height of this barrier in the environment,
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quickly tend to zero. In closed nanoheterosystems, the
quasiparticle states are stationary, and the quasiparticle
spectrum generally consists of discrete and continuous
parts.

In open nanosystems, where a quasiparticle can
penetrate, owing to the tunnel effect, into the
environment, where its potential energy is smaller
than that in internal layers, the lifetimes of quantum
states are finite. Such states are called quasistationary.
In works [9-13], the researches concerning the
quasistationary states of quasiparticles of the Breit—
Wigner type in open spherical nanoheterosystems in
the energy range below the potential barrier height
and weakly coupled resonance states in the continuous
spectrum range have been carried out. Cylindrical open
nanosystems, which attract a special interest owing to
the opportunity to be the basis for creating a quantum
transistor [14], turned out less studied [15,16]. At the
same time, the lifetimes of excitons and the resonance
states in the continuous spectrum range have not been
studied at all.

This work aims at studying theoretically the
quasistationary states of electrons, holes, and excitons
in an open complex cylindrical quantum wire (CCQW)
which involves a single potential barrier; in particular,
in a GaAs/Al,Ga;_,As/GaAs nanosystem.

2. Hamiltonian and the Wave Functions of an
Electron and a Hole in an open CCQW

We study the electron and hole spectra of an open
CCQW. The construction of the CCQW and the
schemes of the potential energies of an electron and
a hole in it are shown in Fig. 1. The open CCQW
is composed of a GaAs kernel (potential well 0) and
an Al,Ga;_,As layer (potential barrier 1), both being
embedded into the infinite medium of GaAs (potential
well 2). In the effective mass approximation and in the
approximation of the independent bands of light and
heavy holes in the CCQW GaAs/Al,Gaj_,As/GaAs
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Fig. 1. CCQW scheme (a) and the diagrams of the electron and
hole potential energies in a CCWQ (b)

within the concentration range of 0 < =z < 0.43, where
Al,Ga;_,As is a direct-band-gap semiconductor, the
theories for electrons and light and heavy holes become
equivalent. A difference between the spectral properties
of electrons and holes arises only at the stage of
numerical calculations because of the different effective
masses of quasiparticles and the different potential fields
acting on them.

In the cylindrical coordinate system with the origin
at the center of the heterostructure, the electron is
characterized by the effective mass p(p) and the
potential energy U (p), which are the functions of the
distance from the CCQW axis, because they have
different values in different media:

Ho, p< Lo,
wp) =9 m, po<p<pi,
Mo, P> p1,
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07 P < po,
Ulp)=4 U, po<p=<pi, (1)
0, p>p1

Since the effective mass depends on p, the stationary
Schrédinger equation looks like [14]

2 _, —
(—hV1V+U(p)) W (F) = BV (7). (2)

Taking the axial symmetry of the problem into account,
the solution of Eq. (2) is tried in the form

1 imep ikz

‘I’(PMP,Z)Z\/ZR([))E e** . m=0,41,42, ...,

(3)

where R (p) is the radial wave function.
Substituting Eq. (3) into Eq. (2), we obtain the
equation for the radial wave function

(513 )~ 7o~

U () - E} Ry () = 0. (1)

One can see that both the magnetic quantum number
m and the quasimomentum of the longitudinal motion
of a quasiparticle k are the parameters of Eq. (4) and,
hence, of the required function R,, ;(p) which is sought
in the form

R'ronk(p)a P < L0,
Rui(p) =% RL.(p), po<p<np, (5)
R?nk(p)7 p>p1.

Substituting Eq. (5) into Eq. (4) brings about three
equations of the same type:

10 mi2 2045

62
[apﬁpap 7z

(E—U—f;j)] () =0, (=0,1,2), ()

the solutions of which are the linear combinations of
Hankel functions of different arguments:
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RS, (p) = AR [Hy, (xop) + Hy (xop)] p < po,
R (p) =0 Rl (p) = AW [Hy, (ixip) + Sy, (B) Hf (ixap)] . po<p <, (7)
R2,). (p) = A [Hy (x0p) + St (B) H (xop)], P> pi,
where lifetimes 7 of both the quasistationary and resonance

21 . 2
Y=\ E-k i = \/h;(E— U) -k @)

All coefficients A and the scattering matrix S, (E)
are determined unequivocally from the normalization
condition and the continuity conditions for the wave
function and the probability density flux at both
interfaces.

Now, according to the scattering theory [17], we
continue analytically the S-matrix into the complex
energy plane (E — E = E—iT'/2). The positions of poles
of the real and imaginary parts of the S-matrix coincide
and determine the energy spectrum and the band widths
of the open nanosystem. In so doing, the real part of a
certain position of a pole of the S-matrix is equal to the
energy F of a resonance quasistationary state, while the
imaginary one determines its width I" which is connected
with the probability for a quasiparticle to tunnel through
the barrier and with the lifetime of the quasiparticle in
this state.

In contrast to the case of the S-matrix for an open
spherical nanoheterosystem [10, 11], where, provided
that the orbital quantum number [ equals 0 or 1,
one succeeded in obtaining the analytical solutions of
the relevant dispersion equation. A similar problem for
the investigated case of a cylindrical nanosystem can
be solved only by numerical methods. We also note
that a new fundamental issue arises in this problem: if
the problem is one-dimensional, the S-matrix depends
on both the energy and longitudinal quasimomentum,
contrary to the zero-dimensional case. This results
in that both the energy E and the lifetime 7 of
quasiparticles in quasistationary states turn out to be
functions of the longitudinal quasimomentum k.

3. Analysis and Discussion of Results
The numerical calculations of the S-matrix and the

positions of its poles in the complex energy plane allow
the dependences of the resonance energies Fand the
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states of electrons and holes on the quasiparticle
quasimomentum and the CCQW’s geometrical sizes to
be studied.

Fig. 2 shows the results of calculations of the
resonance energies E (k) and the lifetimes 7¢,, (k)

nm
of electrons in the quasistationary states of a

CCQW GaAs/Al,Ga;_,As/GaAs as functions of the
longitudinal quasimomentum & at pg = 15 agaas, Ap =
P1 — Po = Dagaars, m = 0 or 1, and for the fixed Al
content © = 0.4. This figure also includes the plots of
the dispersion laws for electrons — E§(k) = ZZJ:
Ef(k) = U°® + @l’f — in massive semiconducting
crystals AIIGal,xAsland GaAs, respectively, which the
corresponding layers of the investigated CCQW are
made up of.

and

From Fig. 2, one can see that the dispersion curves
E§(k) and Ef(k) divide the plane (F,k) into three
regions: (I) the region, where £ < E§(k); here, the
S-matrix has no poles, and, accordingly, there are
no quasiparticle bound states; (II) the region, where
E§(k) < E < E$(k); here, the S-matrix has poles in
the complex energy plane which determine the energy
and the lifetime 7 ~ TI'~! of quasiparticles in the
quasistationary states of the Breit—Wigner type; and
(I1I) the region, where E > Ef(k); here, quasiparticles
are in weakly bound resonance states above the potential
barrier.

Let us analyze the electron states in regions I1 and
IIT in detail. As is obvious from Fig. 2, every fixed
k-value in region I is connected with a certain finite
number of resonance quasistationary states; as k varies,
these states form resonance quasistationary bands. The
number of bands is determined by geometrical sizes of
the CCQW, as well as by the effective masses and the
potential energies of a quasiparticle in various media
of the system. In region III, the number of resonance
quasistationary states is unlimited, and all of them are
characterized by short lifetimes.

The main features of the electron resonance bands are
as follows. The k-dependence of the quasiparticle energy
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Fig. 2. Dependences Epnm (k) (a) and 7nm(k) (b) for nm-states

(n=1,2;m=0,1) for pop = 15agaas and z = 0.4

is approximated very well in all resonance states by the
quadratic law E¢, (k) = Ef,, + thsz, where E¢, s
determined by the solution of Eq. (6)n2t k = 0; and the
values of the averaged effective electron mass u¢,, are
very close to the corresponding effective electron masses
in GaAs. Notice that we use the term “the averaged
effective mass” to emphasize the fact that a quasiparticle
moves in a longitudinal direction simultaneously in all
the CCQW layers as an entire quantum-mechanical
object possessing the quasimomentum k, although it
dwells in different layers with different probabilities.
Since the particle is located in GaAs with the highest
probability, it is natural that its averaged mass is rather
close to figaas- As the band number N increases, the
averaged effective mass of the quasiparticle grows a
little, because the “effective height” of the potential
barrier (a distance from the resonance level to the
potential-barrier top) decreases, and the quasiparticle
penetrates into Al,Ga;_,As, where its effective mass
is larger than that in GaAs, with higher probability.
All the bands of the resonance energies E¢, (k) of
quasiparticles are characterized by the maximal value

of the longitudinal quasimomentum Eflm, at which the
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Fig. 3. Dependences of the electron energy spectrum FE, (a) and

the electron lifetime 7, (b) on po for Ap = 5agaas and z = 0.4

energy of the quasiparticle is lower than the potential
barrier height. In quantum-mechanical states with k& >
k¢ .., quasiparticles are characterized by short lifetimes

(Fig. 2,b); therefore, we call such states “weakly bound
resonance states”.

In Fig. 3, the dependences of the energy spectrum
and the lifetime of an electron on the dimension of the
inner conductor of the quantum wire at k& = 0 are
depicted. The shadowed region in panel a marks the
energy range below the potential barrier height. In this
region, the energy spectrum falls down monotonously,
while the lifetime grows exponentially. In the energy
range above the potential barrier height, a poorly
pronounced effect of level repulsion is observed. Such
an effect is explained as follows. For an electron
with energy higher than the potential barrier height,
semiconducting media 0 and 1 are nothing else but
the potential wells of various widths. Were these wells
independent, each of them would possess an own system
of quantum-mechanical levels. The widening of well 0
makes the dimensional quantization weaker, which is
accompanied by a decrease of the corresponding level
energies. In the case where quantum wells 0 and I form
a single quantum-mechanical system for the electron, the
energy levels which correspond to states with identical
symmetry repulse one another. The wider the quantum
well 1, the more is the number of quantum-mechanical
levels in it, and the more pronounced is the effect of
level repulsion. As a result, the energy spectrum of the
electron in the range above the potential barrier height
includes quickly and slowly descending sections. In the
range of the energy level repulsion, the quasiparticle
changes its localization in the nanosystem. The slowly
descending sections of the energy spectrum correspond
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Fig. 4. Dependences of the excitation energy Eﬁé‘:nneh (a) and the lifetime (b) of the exciton on pg for Ap = Sagaas and x = 0.4

to energies, at which the electron is located in medium
1 with higher probability. The lifetime of such states
weakly depends on the size of well 0, which is illustrated
by the dependences 7(pg) in Fig. 3,b. The quickly
descending sections of the energy spectrum in Fig. 3,a
correspond to the states, where the electron is located
in medium 0 with higher probability. In this case, the
lifetime of such states grows exponentially, as their
energy diminishes.

The energy and lifetime dependences for heavy and
light holes in an open quantum wire are qualitatively the
same as those for electrons. Quantitative discrepancies
are connected with a lower potential barrier height
U™ and different values of the effective mass of
quasiparticles.

On the basis of the dependences of the electron
and heavy hole energies in the lowest energy bands at
k = 0, the numerical calculations of the dependence
of the exciton excitation energy on the radius of inner
conductor 0 of the open quantum wire were carried out
by the formula

Bt = B, + By, + By = B, (9)
where Ef . and Ef{hmh are the electron and hole

energies, respectively; Ey is the energy gap width; and
E°" is the energy of electron-hole coupling, which is
determined by the formula
h * h* e? h
€ (& (& g g
E /\IlnemeanhmhM\Pnemewn;ﬂrzhdredrh-
(10)

Since the lifetime of an exciton in the inner conductor
of the quantum wire depends on the electron and hole
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lifetimes in states mem. and npmp, respectively, and
the quasiparticle coupling energy is considerably lower
than the energy of their dimensional quantization, the
estimation of 7,2 ™" can be performed using the formula

L1 + ! (11)
Ts:xeh B Trreme T’fflbh,mh.

The results of calculations of E}n™: and 7, n7"
for the lowest five energy levels are shown in Fig. 4.
Since the binding energy for an exciton E®* is low,
as compared to the energy E; , + Eﬁhmh + Eg4, the
behavior of the curves E}"7"(pg) is governed by the
dependences of the dimensional quantization energies of
electrons and holes. Therefore, if the inner conductor of
the quantum wire is narrow, a nonmonotonic behavior
of the exciton excitation energy is observed, which is
also reflected on the corresponding lifetimes 772" of
the exciton inside the nanosystem. o
The general conclusions are as follows. The method
of the S-matrix, which is mainly used for spherically
symmetric problems [10-13], allows the spectral
characteristics of open complex cylindrical quantum
nanoheterosystems with resonance quasistationary
states to be calculated. The variation of the barrier
thickness weakly affects the position of electron energy
levels in the range below the potential barrier height
and drastically changes the energies of the weakly bound
resonance states in the range above it. The dependence
of the lifetime of quasiparticles in the resonance states
with energies above the potential barrier height on
the barrier thickness has a nonmonotonic character
connected with the variation of the localization of
quasiparticles. The dependences of the exciton excitation
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energy and the exciton lifetime on the nanosystem’s sizes
reproduce the characteristic properties of electrons and
holes.
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EHEPIETUYHUNI

CIIEKTP TA YACHU >KUNTTHI
KBABIYACTHHOK ¥ BIIKPUTOMY
LIJIIHIPUYHOMY KBAHTOBOMY JPOTI

B.A. Tosaosayvkuti, B.I. I'yuya
PezwowMme

YV HabmmKeHHI €DEKTUBHOI MacCH, BUKOPUCTOBYIOYU TeEOpio S-
MaTPHILi, YUCEJIbHUMU METOIaMU OTPUMAHO €HePTil Ta Jacu *KUTTA
KBa3iCTaI[ilOHAPHUX CTAHIB KBa3i9aCTUHOK y BiJKPUTOMY CKJIATHO-
My IUIIHAPUYHOMY KBAHTOBOMY IpoTi. KOHKpeTHUiT po3paxyHOK
BukoHaHO A cucremu GaAs/Al;Gay—,As/GaAs. Orpumano 3a-
JIEZKHOCT] YaciB »KUTTs KBa3i4aCTUHOK y KBa3icTaljioHapHUX pPe30-
HAHCHHUX CTaHaX BiJ 'eOMeTPUYHUX pPO3MipiB HaHOCHCTeMH i Bix
[IO3/I0B2KHBOI'0 KBasiiMirysibcy. IlokazaHo, 1110 B PE30HAHCHUX CTa-
HaX JOC/II/I2KyBaHOI HAHOCUCTEMHU YaCH >KUTTH KBa314aCTHHOK €KC-
MOHEHIAJIBHO 3MEHIILYIOTHCS 31 30L/IbIIIEHHAM ITO3/I0B>KHBOI'O KBa-
siimmynscy. B obmacti emepriif, BUIIuX 3a BUCOTY IIOTEHI[IAIHLHOTO
Gap’epa, CIIOCTEPIraeThbCsl PO3IMITOBXYBAHHS €HEPIeTHIHUX DIiBHIB,
SIK€ TPOSIBJISIETHCSI B HEMOHOTOHHIN TTOBEJIIHIT Y9aCiB YKUTTS.
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