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The spectra and lifetimes of an electron, a hole, and an exciton
in open cylindrical quantum dots (QDs) embedded into various
environments — a cylindrical quantum wire (QW) and a plane
quantum well which, in their turn, are located in a massive
three-dimensional medium — have been studied theoretically.
The relevant calculations were carried out in the framework of
the effective mass approximation and for a rectangular potential.
The analytical expression for the scattering matrix (S-matrix)
has been obtained. The real part of the S-matrix pole defines the
energy of a quasi-stationary state, while the imaginary one defines
its halfwidth and, accordingly, the lifetime of a quasiparticle in
this state. Numerical calculations of the spectra and lifetimes
of an electron, a hole, and an exciton were carried out for
nanoheterosystems composed on the basis of semiconductors (-
HgS and §-CdS.

1. Introduction

The progress in studying low-dimensional
semiconducting systems is connected with the
development of new technologies for growing

nanocrystals which allow various nanoheterosystems
(two-dimensional quantum wells, one-dimensional QWs,
zero-dimensional QDs) and their various combinations
to be fabricated [1,2].

The overwhelming majority of the theoretical and
experimental researches of nanoheterosystems dealt with
the so-called “closed” systems, i.e. the systems where
the environment constitutes the maximal potential
barrier for quasiparticles (electrons, holes, excitons).
In such systems, the quasiparticle states with the
energy lower than the potential of the environment
are always stationary. The energy losses of the excited
quasiparticles (e.g., excitons) are possible only owing
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to their interaction with one another or with other
quasiparticles or fields.

“Open” nanoheterosystems are of interest because
here, contrary to the “closed” ones, there always exists an
opportunity for quasiparticles to penetrate through the
potential barrier into the environment [3], which creates
an additional channel for the energy of quasiparticles,
which were excited in the quantum well, to relax. Such
a feature of the “open” systems may be important for
the creation of high-speed devices free from transit-time
effects.

The theory of quasi-stationary states of electrons and
holes in complex spherical QDs and cylindrical QWs
was developed on the basis of the S-matrix method
in works [4-6]. The calculations were carried on for
specific nanoheterosystems taken as examples; and the
dependences of the energy spectra and the lifetimes of
quasiparticles on the geometrical parameters of those
nanosystems and on the dynamic characteristics of
quasiparticles (e.g., the longitudinal quasi-momentum in
the case of a QW) were obtained.

Until now, there has been no theory of the quasi-
stationary states of electrons, holes, and excitons
in “open” combined nanoheterosystems altogether.
Therefore, it is interesting and important to investigate
the peculiarities in the behavior of quasi-stationary
states, at least in relatively simple systems. Such
a problem is solved using two spatial models as
examples:

1) a semiconducting QW which includes a QD separated
from the other part of the QW by two identical quantum
antidots (QADs) with potential barriers of finite heights

(Fig. 1);
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Fig. 1. Layout and the potentials V¢ " of cylindrical QD 0 and
two cylindrical QADs 1 in QW 2 embedded into environment 3

2) a cylindrical QD and a cylindrical QAD located in a
plane quantum well which, in its turn, is positioned in a
massive three-dimensional environment (Fig. 2).

2. The Hamiltonian and the S-matrix of an
Electron (Hole)

2.1. A compound cylindrical quantum wire with
an “open” quantum dot

Consider a compound semiconducting QW which
contains a QD surrounded by two identical QADs. The
radii of the nanowire, the QD and both the QADs are
equal to pg; the heights of the QD and the QADs are hg
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and hq, respectively (Fig. 1). According to the reasons of
symmetry, the origin of the cylindrical coordinate system
is convenient to be chosen at the center of the QD, with
the axis OZ being directed along the rotation axis of
the system. It is supposed that the QW and the QD are
made of materials with identical physical characteristics
(effective masses, dielectric permittivities), while the
material of both the QADs has different, in general,
characteristics. The entire compound QW is embedded
into the environment which constitutes the infinite
potential barrier for any quasiparticle presenting in this
system.

Owing to the finite height and width of the potential
barriers of both QADs, the QW is an “open” quasi-one-
dimensional system, so that quasiparticles can penetrate
through the potential barriers, and their states are quasi-
stationary with certain finite lifetimes.

The geometrical dimensions of the nanoheterosystem’s
components are such that the approximation of effective
masses is valid for an electron (hole). So, the effective
masses of an electron (e) and a hole (h) are considered
known and equal to their corresponding values in
massive analogues of nanocrystals:

pe™ in QD,
pot(z) =< pp" in QAD, (1)
ug’h in QW.

We also suppose that the lattice constants (ag,a)
of the well (subscript 0) and barrier (subscript 1)
materials are very close by value. Considering the
nanosystem composed on the basis of B-HgS or (-
CdS semiconductors (such a nanosystem will be studied
below), we note that the lattice constants in it are such
that (a1 — ao)/ao < 1% (see the table). Therefore,
the interfaces between subsystems are abrupt enough,
which allows us to use the approximation of rectangular
potential energies for an electron and a hole:

V" in QD,
—V" in QAD, (2)
—V&" in QW.

Vel (p,p,2) =

where Voe,’lh is the potential energy of an electron or a hole
in the corresponding environment reckoned from the
vacuum level. At p > pg, V¢(p,p,2) = V"(p, ¢, 2) = oco.
Since the theories of the quasi-stationary spectra of
an electron and a hole in the investigated system are
equivalent, we present the further calculations for an
electron, temporarily omitting the superscript e.
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Fig. 2. Layout and the potentials V¢ " of cylindrical QD 0 and cylindrical QAD ! in quantum well 2 embedded into environment &

To study the electron quantum states, it is necessary
to solve the Schrédinger equation

Hy(7) = By(7)
with the Hamiltonian

h2
2

3)

- 1 =

H==5Vo

(4)
According to the symmetry of the problem, it is
convenient to seek the wave function ¢ (7) in the form [7]

—1/2
\Ilnpm(f‘) = (*ﬂ-p?)t]m—l(In,,m)‘]m+1(xnpm)) /

Tn,m 1

X T (—E=p)e"™p(2), (5)
Po

where m = 0,4+1,42... is the magnetic quantum

number, J,,, () is the Bessel function of an integer order,
Tpn,m are the zeros of the Bessel function, and n, is the
radial quantum number that defines the serial number
of the zero of the Bessel function at fixed m.

After having substituted solution (5) into the
Schrédinger equation (3), the variables can be separated,
and the equation for the z-th component of the wave
function reads

b () + ()| 2

1'37, m
(E—=Vi(p,p,2)) — p‘é =0.
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Since the potential energy of an electron is symmetric
in the z variable, Eq. (6) is invariant with respect to
the inversion transformation z — —z. It allows z to be
confined to the interval of variation from 0 to oo. The
solutions of Eq. (6) are separated into even (+) and odd
(—) ones [8]:

o* (2) =

wo(z) = AT (eikoz + e*ikoz) , 0<2z< 2,
=< pi(z) =B* (e7m% 4 Sifek12) | 2 <z < 2,
wa(z) = c* (e‘ikoz + Sieikoz) ,29 < z < 00.
Here, k% = 20/ E — x%pm/pg, k¥ =2u1/h? (U - E) +
+xipm/pg, U =V,—V,, and S7 is the scattering matrix
(S-matrix). The energy is reckoned “upwards” from the
bottom of the potential well (environment “07).
Further, using the continuity conditions for the wave

function and the probability density current at all the
medium interfaces

900(2”2221 = 4,01(2)|z:zl,
©01(2) |22z, = 02(2)|2=2,,
?10 @6(Z)|Zzzl = i@ll (Z)|z:z1>

i@ll (2)]2=zn = ?1090/2(2) | 2=z

(7)

and the normalization condition for the wave
function

[ i) o () dz =50 - k). ©)
0
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we obtain the analytical expressions for all the
coefficients A*, B*, and C*. We omit the
cumbersome analytical expressions for these coefficients
and will not consider the features of the wave

S (pok1 + iy ko) expl(kr — iko)za] — (poky — iy ko) exp[—(ky + ko) 22]

functions of quasi-stationary states of an electron
and a hole. Instead, we confine ourselves to the
analysis and calculation of the S-matrix which looks
like

(10)

Si _ - . - 5 )
fok1 + iy ko) expl— (k1 — iko)22] — S1(pok1 — ipy ko) exp|(k1 + iko)z2
(tok + ipy ko) exp[— (k1 — iko)z2] — S1(pok ko) expl(ky + iko) 2]

where

cos(koz1) sin(koz1)

o exp(—2k121) {klﬂo{ sin(koz1) }:Fkolh{ cos(koz1)

1 — k Cos(kozl) :tk Sln(k021) .
1Hg sin(koz1) 0/ cos(koz1)

According to the general theory [3], the real parts of
the S-matrix poles in the complex plane of energies

m _7;1—‘nznpm/2

define the energies of the quasi-stationary states
(Ern.n,m), while the relevant imaginary parts their
halfwidths (I';,5,m). The quantum number n, numbers
the poles of the S-matrix, provided the quantum
numbers n, and m are fixed. The level halfwidth is
connected to the electron (hole) lifetime in the state
|n.n,m) by the relationship

Enz n,m — Enz n, (12>

(p =n.n,m). (13)

Thus, formulae (10)—(13) determine the energy
spectrum and the lifetimes of an electron and a hole in
the quasi-stationary states which are formed in a quasi-

one-dimensional “open” cylindrical QD embedded into a
cylindrical QW.

2.2. A plane quantum well with a quasi-plane
cylindrical quantum dot

Consider a compound semiconducting quantum well
which contains a cylindrical QD surrounded by a
cylindrical QAD. The radii of the QD and QAD
are, respectively, pp and p;, and the heights of the
dot and antidot are equal to hg both (Fig. 2).
The origin of the cylindrical coordinate system is
selected at the center of the QD, with the axis
OZ being directed along the rotation axis of the
system.

Owing to the finite height and width of the
potential barrier of the QAD, the quantum well is a
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quasi-plane “open” system, so that quasiparticles can
penetrate through the potential barriers, and their
states are quasi-stationary and possess certain finite
lifetimes.

It is adopted that all the components of the
nanosystem obey the same geometrical and physical
conditions, as in the previous case. Therefore, the
effective masses and the potential energies of an electron
and a hole can be assigned in the form

pe™ in QD,
po" (p) =4 u$" in QAD, (14)
,ug’h in quantum well,
—V&h in QD,
Ver(pp,2) =S —V&" in QAD, (15)

-Vy hin quantum well.

where Voe”lh is the potential energy of an electron or a
hole in a corresponding environment reckoned from the
vacuum level. At |z| > ho/2, V¢(p, p,2) = V(p, ¢, 2) =
00. According to the symmetry of the problem, it is
convenient to seek for a solution of Eq. (3) in the
form

, 2 [ cos TRz n,=13,...
— 1mey - ho 7 z » 9
V. () = R(p)e I { sin 7;:?)2 Z, n, =24, ..,

(16)
where n, is the axial quantum number.
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The substitution of function (16) into the
Schrédinger equation (3) gives the equation for the
radial wave function R(p):

02 19 m* 2u(p) m2n?
g -2 E— _ z
apg p ap p2 h2 ( V(p7 (p, Z)) h%

< R(p) =0, (17)

the solutions of which are the linear combinations of the
Hankel functions:

Ry m(p) =

R m(p) = AW [H,y (kop) + Hy (kop)),

P < po
_ ) R n(p) = AR [Hy(kip) + SL_ o (B)H (Kip)].

po<p<p

2 2 _
R n(p) = AS [Hep (kop) + S, (E)H; (Kop)],
P> p1
(18)

Here, k3 = 2uo/(R*E) w2n2/h3, k2 =

2u1/[R* (U — E)] + m*n2/h3, U = Vo — V1, and S,,_m,

is the scattering matrix (S-matrix). The energy is
reckoned “upwards” from the bottom of the potential
well (environment “07).

Further, using the continuity conditions of the wave
function and the probability density current at all the
medium interfaces

ROn(p) = Bmlp)|
W pP=po @ p=po
anm ’ =R z ‘ ’
(p) p=p1 n m(p) p=p1 (19)
s B @)y = 7 BV ()],
i R'/nz m(l)(p)|p:p1 - i R;Lz m(Q)(p)|P:Pl

and the normalization condition for the wave function

[ Bisa ) Ry (0) pdp =3 (ko — k), (20
0

we obtain the analytical expressions for all the
coefficients A, AL AP and S}, and the S-matrix.
In particular,

; (21)

H.'(kip1) + S} H}Y (kip1)
ky | —— T H,,(kopr) — H,, (k
" HoR1 [ H;L(klp1) +S7llz npmHnyL(hm) m( Opl) m( Opl)
nn,m — — 1 47
k Hm (klpl) +Snzn mHm (klpl)
kops | Hyt! (kopr) — E0L 2 — H. (kopr)
ko Hm(kip1) + Sh_ o, mHm(k1p1)
where

Tt (kopo) r— -
otk [T H ) — H (kapo)| )

Nz MNpMm ko J., (k
T H (kupo) — B G H (ke po)

We note that the energies of quasi-stationary states
and their lifetimes are characterized, similarly to the
previously analyzed nanosystem, by three quantum
numbers (n.,n,, and m). The quantum number n,
numbers the poles of the S-matrix, provided the
quantum numbers n, and m are fixed.

Thus, formulae (12), (13), (21), and (22) determine
the energy spectrum and the lifetimes of an electron
and a hole in quasi-stationary states formed in a plane
quantum well with an “open” cylindrical QD.
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3. Analysis and Discussion of Results

The specific calculations of the quasi-stationary state
energies and quasiparticle lifetimes were carried on for
two types of the systems made up on the basis of (-
HgS and (-CdS semiconductors and described above.
The parameters of these semiconductors are quoted in
the Table.

In Fig. 3, the dependences of the quasi-stationary
state energies of an electron and a hole EZ;%/{;?III) on the
barrier thickness in a QW (I) and a quantum well (I7) at
the fixed height and radius of the QD are shown. From

the figure, one can see that the energy values in the

Crystal | 1 (uo) [ 1 (1) [V* (W) [V (V) [a ()] ¢ [F,
CdS 0.2 0.7 3.8 6.3 5818 5.5 25
HgS 0.036  0.044 5.15 5.65 5.851 11.36 0.5
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Fig. 3. Dependences of Enznpm on the barrier thickness in a QD

(I) and a quantum well (IT) at ho = 2po = 8angs = const
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4-U=1356V
3-U=1,00 eV
2-U=0,65 eV
1-U=0,30 eV

on the potential barrier “height” U

Fig. 5. Dependences of Tfl([l)’”)

quantum states FEy_ ,,m depend weakly on the
dimensions of the layers, which represent the barriers,
in both cases. It is clear, because the widening of the
barrier does not change the volume of the quantum well
of the system, and, hence, does not result in the variation
of the quantum state energy.

In both cases, the ground level corresponds to state
110; and the higher the dimension of the space where
the QD is open, the deeper the ground level (110) of a
quasiparticle in the potential well.

The arrangement sequences of the electron and hole
energy levels are identical for the same nanosystem, but
differ, except for the ground state (110), in different
nanosystems. For example, in the case of a QD located
in a QW, the first “swallowed” level is the level with
n, = 2, n, = 1, and m = 0, and then the level with
n, =1, n, = 1, and m = 1, while the sequence of the
levels is inverse in the case of a QD located in a quantum
well.

In Fig. 4, the lifetime dependences of an electron

e(I,I1) h(I,IT) L
(Tn.n,m) and a hole (7n,n,m ) on the barriers’ sizes
(Ar = hi) at hg = 2py = 8amgs = const are
depicted. From the figure, one can see that, as the
widths of the potential barriers increase, the lifetimes of
an electron and a hole grow sharply (exponentially) for
both the types of the system, because the probability
of quasiparticle tunneling through a barrier decreases
abruptly in this case. We note that, owing to the
differences between the effective masses of an electron
and a hole and between the potential energies U® and
U", the sequences of the lifetime arrangement for an
electron and a hole are different for different types

of systems. For example, Tfl(é) > Tfl(él), but Tlhl(é) <

Tlhl(ol D The reason lies in that the reduction of U with
different rates reduces the lifetime of the quasiparticle
with respect to its escape from a QD into the spaces of

. . . (rn (n C.
various dimensions (agU > agU ), which is illustrated

in Fig. 5.
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In Fig. 6, we show the dependences of the exciton
n/zn;ml(LII)

excitation energies FE;7 and the exciton
e Lnm/(II1) .
lifetimes 7, ;ﬁpm @I 40 the bottom part to the

spectrum on the barrier thickness. The dependences were
calculated by the formulae

i ’ I, 11
B O = B B S By (29)
1 1 1
nin,m' (I,1I) = e, ID) + h(I,11)’ (24)
Ny Npm Nz Np MM NzMNpmMm

which do not take into account the electron—hole
Coulomb interaction, considering it as such that does
not affect the obtained results qualitatively. From the
figure, one can see that the energies of exciton states
depend weakly on the barrier dimensions in both cases
of a quantum wire and a quantum well, while their
lifetimes grow exponentially as the barrier thickens. It
turned out that, despite the barrier dimensions, both
the energies and lifetimes of the ground quasi-stationary
state of excitons in a QW are greater than those in a
quantum well (Eﬁg(l) > Eﬂg(n), 711118(1) > 711118(11)).
However, it is not so for excited states. In particular, one
can see that Efllg(l) > Efllg(n), but 7'12118(1) < 712118(”).

Thus, the general conclusion is that the spectral
characteristics and lifetimes of the quasiparticles,
although having qualitatively similar dependences on
the geometrical parameters of the nanosystem, differ
considerably by value, depending on the dimensionality
of the space, into which the quasiparticles can escape
from the same open QD.

Since the exciton states of the Breit—Wigner type
turned out to be well localized in the space of a QD, they

ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 12

25 A,=h, 30

on the barrier dimensions (A1 = hi1) at ho = 2pp = 8angs = const

would possess a sufficient lifetime (about picoseconds) to
be observed experimentally.
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CIIEKTPU I HACHU 2KUTTHA EJIEKTPOHA, JIPKI
TA EKCUTOHA V¥V BIAKPUTUX HUJITHAPMYHUX
KBAHTOBUX TOYKAX, IO PO3TAIIIOBAHI
Y KBAHTOBUX JPOTAX ABO KBAHTOBUX AMAX

M.B. Txauw, O.M. Mazxaneuv, A.M. 'puwyr
Pezmowme

Teoperutno JOCTIAXKEHO CIEKTPH 1 YaCH YKUTTH €JIEKTPOHIB, JiPOK
Ta €KCUTOHIB y BiJKPUTHUX IMIIHIPUYHUX KBAHTOBUX TOYKAX, IO
pO3TalIoBaHi B PI3HUX CEPEIOBUIIAX: Y IIUIIHIPUIHOMY KBAHTOBO-
My JpOTi i B IUIOCKili KBAaHTOBIH siMi, sIKi, B CBOIO 4epry, rnepebyBa-
IOTh Y MACUBHOMY TPHUBHMIPDHOMY cepeioBHIli. Po3paxyHOK crek-
TpiB Ta 4YaciB >KUTTS BHKOHAHO y HAO/IIKEHHI edEKTUBHUX MacC
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Ta OPSIMOKYTHOro morennianxy. Poss’s3yerncs piBustaus Ilpesin-
repa 3 BUKOPHCTaHHAM yMOB HEIIEPEPBHOCTI XBUJIbOBOI PYHKIIIT Ta
IIOTOKY I'yCTUHH HMOBIPHOCTI Ha BCiX MerKaX IOJIl/Iy HAHOT'€TePOCU-
creM. OTpuMaHO aHAJITHYHUI Bupa3 Jyisd MaTpuli po3cisuus (S-
Marpuni). JificHa YacTuHa NOMIOCIB S-MaTPHI BU3HAYAE €HEPIiio
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KBa3iCTalliloHapHOT'O CTaHy, ysBHA — WOro MiBIIUPUHY, a BiIIOBiZHO
i yac »KHUTTsl KBa3i4aCTUHKH B I[bOMY CTaHi. UMC/IOBI po3paxyHKu
CIIEKTPIiB Ta 4YacCiB >KUTTHA €JIEKTPOHA, MIPKU i €KCUTOHA BUKOHA-
HO JIJIsI HAHOTeTEPOCUCTEM Ha OCHOBI HamiBnposigaukis (-HgS i

B-CdsS.
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