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Abstract: The theory of exciton states in a quantum dot uneditions of dominating polarization interactiohan
electron and a hole with a spherical (quantum ddtelectric matrix) interface is developed. An simwhat the energy
spectrum of heavy hole in the valence band quardotis equivalent to the spectrum of hole carrying oscillator
vibrations in the adiabatic electron potentialtha framework of the dipole approximation studiettiband absorption of
light in a quasi - zero - dimensional nanosystévs show that the absorption and emission edgeanitgm dots is formed

by two transitions of comparable intensity fromfeliént hole size — quantization levels and intowelr electron size —
guantization levelPropose a theoretical prospect of using hole tiiansi between equidistant series of quantum levels
observed in nanocrystals for desining a nanolaser.
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1] q . The mentioned spectrum has been obtained using the
. Introduction adiabatic approximation, under the assumption that
The optical properties of quasi — zero — dimenslionaglie ;;mgle’ct\:ghr?r:\m; Zn?]gllg ?r:e atheSl\(laﬁelztlv';emZii(ietgn
structures  consisting of  spherical semiconductor_| iitoni h lomb i ion b : ot
tals (SNs) (quantum dots (QDs)) and dietect amiltonian, the Coulomb interaction between arct
Ezzgg:yztals of radiug ~ 1-10 nm. grown in transparent and hole, as well as _the polarization interactidntre
Y ' 9 P electron and the hole with the surface of the SiNehtbeen

dielectric matrices, are currently be_ing _inteng’rveiudied taken into account. The first order perturbatiogotty on
[1-12]. The reason for these studies is that hptea®e he electron wave function of a spherical potentiall of
systems are promising mate_rlals for creating nealinear nfinite depth has been used.
optoelectronic elements, in particular elements for | Ref. [22] the exciton energy spectrum of a srSa,
controlling optical signals in optical lasers ortiopl  under the assumption that the electron could lehgeSN
computers [1-18]. volume for the ambient dielectric medium, has been
Since the energy gap of a semiconductor is muctiama obtained. The problem solved in Ref. [22] was thathe
than in the dielectric host, the motion of carriémsthe electron energy spectrum in small SN. In theseissuthe
semiconductor microcrystal is restricted by its woé. finite of the potential barrief)) at the boundary between
Optical and nonlinear optical properties of hetbage the SN and the dielectric matrix, and the assodiate
systems are determined by the energy spectrumatibfip ~ penetration of the ambient host by the electrongHzeen
limited electron — hole pairs (EHP) and excitong)fdR taken into account. The electron wave functions ewer
[1-22]. Quantum well effects have been found byicapt obtained in Refs. [20-22] for an electron travejlinpoth in
spectroscopic studies in the energy spectrum aftreles  the SN and in the ambient dielectric host. _
and excitons [1-6] in such quasi — zero — dimersion The motion of charge carriers in semiconductor
structures. nanocrystals, like in quantum dots, is limited iree
The energy spectrum of an exciton in a small SN wadirections. Therefore the energy spectrum of charge
obtained in Refs. [4-22] as a function of the SWiwaa.  carriers is discrete in SNs with linear dimensidntioe
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order of 1-10 nm. In our opinion this property nisyused
for designing optical nanolasers or optical computd,
13]. In this context we point out that the size.(iradiush

The theory of an exciton formed from spatially seped
electron and hole (the hole is in the quantum ddtime,
and the electron is localized at the outer sphlegaantum

of a quantum dot should be in the range of a fewdot—dielectric matrix interface) is developed withihe
nanometers in order to provide that the differerice, modified effective mass method. The effect of digantly
energy splittingAE, ), between electron and hole levelsincreasing the exciton binding energy in quanturts cxf
are of the order of a fewyT, at the room temperature Zinc selenide, synthesized in a borosilicate glassrix,
T,(kp is the Boltsman constant). relative to that in a zinc selenide single crystalevealed.

In experiments reported in Ref. [2], an interestingt was shown that the short-wavelength shift of peek of
energetic structure was found which consisted of athe low-temperature luminescence spectrum of sample

equidistant series of quantum levels. The abowestre is
caused by quantization of the heavy hole energgtspa
in the adiabatic potential of the electron. In [I8ksents
the theoretical prospect of using
nanocrystals for designing nanolasers.
The theory of exciton states in a QD under condgiof
dominating polarization interaction of an electrand a
hole with a spherical (quantum dot — dielectric nmat
interface is developed [10-27]. In [28], a new niiedi

containing zinc-selenide quantum dots, observectutite
experimental conditions, is caused by quantum
confinement of the ground-state energy of the ercwith

semiconductof Spatially separated electron and hole [23,24].

The paper is organized as follows. In Section 2 we
discuss the energy spectrum of exciton statesedtion 3
we consider interband absorption and emissiongbtt lin
SNs. The concept of using CdS nanocrystals as eactiv
lasing medium for constructing nanolasers is presein

effective mass method was proposed to describe tiection 4. The theory of an exciton and biexcitonmied

exciton energy spectrum in semiconductor QDs waithir

from spatially separated electrons and holes izldped

of a = ay (A is the exciton Bohr radius in the Within the modified effective mass method in Setto

semiconductor material contained in the QD volunige).

was shown that, within a model in which the QD is

represented as an infinitely deep potential welie t

2. Spectrum of an Exciton in a Quasi —

effective mass approximation can be applied to the Zero — Dimensional Nanosystem

description of an exciton in QDs with radicomparable to

the exciton Bohr radiuge, assuming that the reduced A Simple model of a quasi — zero — dimensionalcstme

effective exciton mass is a function of the radiyg = u(a)

[28]. Contributions of a kinetic energy of an efteq

energy of a Coulomb interaction between an elecirmh a
hole, and energy of their polarization interactiith a QD

surface to an energy spectrum of an exciton in aa@®
analyzed [26-29].

In the adiabatic approximation and within the miesdif
effective mass method [28], an expression for timelibg
energy of an exciton whose electron and hole movihe
semiconductor QD volume was derived in [29]. In][2Be
effect of significantly increasing the exciton-bing
energy in cadmium selenide and sulfide QDs withi rad
comparable to the exciton Bohr radieéx relative to the
exciton- binding energy in cadmium selenide andidwmil
single crystals (by factors of 7.4 and 4.5, redpelf) was
also detected.

A theory of the size quantization Stark effect MsShas
been developed for the case of dominating polaozat
interaction of an electron and a hole with the maystal
surface [17]. A shift of electron and hole quantwmll
levels in a SN in the interband absorption rangeain

uniform external electric field is determined byeth
An

guantum-confinement quadratic  Stark  effect.

electrooptical method is proposed, making it pdssio
estimate the characteristic quantum dot radius laictw
three-dimensional excitons can exist [17]. Elegbtaal
properties of quasi-zero-dimensional

guadratic Stark effect in the range of interbandoajtion
[17].

in the form of a neutral spherical SN of radiasand
permittivity e,, embedded in a medium with permittivity
&, was discussed in Refs. [7-12]. An electreh g¢nd a
hole ) with effective massesn, and m; were assumed
to travel within the SN; we use, and r, to denote the
distances of an electron and a hole from the ceoft¢he
SN, respectively (see Fig. 1). We assume that the
permittivities satisfy the relatiorz, > ¢;, and that the
conduction and valence bands are parabolic. Inntluidel,
in the framework of the effective mass approximatithe
exciton ( EHP) Hamiltonian takes the form [19-22]

2 2

h v h

H=-— Vi + Ey + Ve (12, 1) + Vi (1, @)

2m, 2my,

+ Vos(1,,a) +

Ve (Te, Thy @) + Vg (rp, ) (1)

where the first two terms represent the kineticgyef the
electron and the holeV,, (1., m,) is the energy of the
Coulomb interaction between the hole and the eactr

2

e a

()

Ve (e, 1) = ——
Eh( e’ h) £pa (r@—2rerpcosf+r7)1/2

where the angl& between the vectorry() and (1) and
V,n(rm, a) are the energies of interaction of the electron

il nanosystémgnd the hole with their own imageg,, (7,1, a) and
containing SNs are governed by the quantum-confamm

V, . (1., 1, a) are the energies of interactions with “strange”
images, and E;, is the bandgap in the infinite
semiconductor with permittivitye,. (see Fig. 1).
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Fig. 1. Schematic diagram of an exciton in a spherical senductor
nanocrystal. The radius vectors andr, determine the distance of the
electron e and the hole h from the center of a naystal of radius a. The
image charges€ =(a/r)e and h'=- (a/ rh)e are located at the
distances r; = (azlre) and r, = (a /rh) from the center of the
nanocrystal 0 and represent point image chargethefelectron and hole,
respectively.

For arbitrary &y and ¢,, the terms in Eqg. (1) that
describe the energy of the polarization interactidrthe
electron and hole with the SN surface can be writtean
analytic form [19-22] which is particularly simpfer the
caseeg, » g

a?

2 &
w (T @) = E Gz +2) 3)
2
Vee(re,a) = 2&5a (aza_—rg + z_i)' )
e? a
Ve = Vhe = _E[(rerh/a)z—2rerhcost9+a2]1/2' (5)
The spectrum of an exciton (EHP) in a small

Exciton States Spectroséopyuasi
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ny, l,,m, are the main, orbital and magnetic quantum
numbers of an electron and a hole) [19-22, 26-29]:
2

g lpmp 2
ne leme ( ) - aZ une:le

+

Vos(a) + AW () + B,

Ne,le,Me

(7)

where the first term is the kinetic energy of aacélon in
an infinite spherical well, and,, (a) is the average value
of the electron interaction with the self — imagghwthe
infinitely deep spherical well functions

\/2/7’9

(une,lere/a)

W, le,m Vi (6, u) 2222 8
ne’ te e leme( ) ]le+3/2(une.le) ( )
where Y, ., are normalized spherical functions,, ;

ellte ete

are roots of the Bessel functigp s/, (un,,;,) = 0. The
quantity A"™™(q) is an eigenvalue of the heavy hole

Ne,le,Me

Hamiltonian

2 iV
Hh = _EV}% + Vhfl(rh' a) + Vne_le,mg (rh' a)' (9)

where
Veﬁ(rh' a) + Vhé (r,a) (10)

is the average value of the Coulomb interaction ainthe
electron and hole interaction with “alien” images “free”
electron states (8).

Quantitative results for the EHP spectrum (7) are

Vne,le,me (rh' a) = Veh (rh: a) +

semiconductor microcrystal was investigated in Refsobtained here only for the simple cage= 0. Using

[19-22] in the case where its size was restrictgdthe
condition

(6)

and

Ay K ap Kasa, = agy,

where  a, = g,h%/(mue?),a, = &,h%/(me?)

a., = &,h%/(ue?) are the Bohr radii of the hole, electron

and exciton in the semiconductor with permittivity,
respectively; e is the electron charge,

u=mymy/(m, +my) is the reduced effective mass of
the EHP, anda, is a characteristic size that is of the order

of the interatomic distance. When the condition {$)
satisfied, the polarization interaction is a sigmht part in
the potential energy of the Hamiltonian (1). Theoab
inequalities also enable us to examine the motibmro
electron and a hole in the effective mass approima
The validity of Eq. (6) further enables us to cdesithe
motion of a heavy hole my, » m,) in the electron
potential
(adiabatic approximation).

The adiabatic approximation can be used if we assunmjg

that the electron kinetic energy is the largeantand take
the last four terms in Eq. (1) together with noadditic
operator as a perturbation. Then, taking into actaumly
the first order of the perturbation theory, one easily

obtain the spectrum of an exciton (EHE)," lh mh( a), in
the state f,,l,, m,; ny ly, m,) (here ne,le,me and

expressions (3) — (5), (8) and (10) one can obtain
in(2mn,
7% (x,s) = s‘l[M —2Ci(2mn,x) +

e

2Ci(2nn,) + 2Inx — 2], (11)
VIe (x, 8) + Vg™ (x,8) = —2s71, (12)
1¢,0,0 &2
Vg (x,s) =st (Zne,O +—),
&
7 . . P )
Via(x,8) = s (— + 81) (13)

where

sin?(mnex,)

2fdxe

and Ci(y) is the integral cosine. Here and beloavehergy
measured in  units Ry, = h*/2m,a} and
nondimensional values of the length= (1;,/a) and
s = (a/a;) are used.

Note that in the approximation considered the atton
of an electron with the images (its own and “alje(t’2),
(13) and the interaction of a hole with an “aliémiage (12)
yield a constant addition-s™! to the hole energy.

)

1 —x?

averaged over the motion of the electron
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Taking into account formulae (3) and (10) — (12¢ w case is found to be much smaller than the sizetizasion
write the potential energy in the heavy hole Hamnilan (9) energy of the charge carriers in the SN.

as follows

T7e00(x, 5) = Vi (x, ) + 77009 (x, 5) =

(14)

sT—

1
1-x2

sin(2enex)

TNeX

— 2Ci(2nn,x) + 2Ci(2wn,) +

2Inx +2— 4],
€1
The minimum of the potential energy (14)

0

P
n ,0,0 Ne,
e Une,0,0(x — 0‘ S) — e. :
S

an

(s) =
Where
&€
Pn,o = 2Ci (21n,) — 21In(27n,) — 2y + E—Z -1,
1

(y = 0,577 is the Euler constant) is reached at thatpoi
= 0. A series expansion of the potential (14) withpect to
the parametenx? « 1 with accurancy up to the first two

terms gives the hole spectruﬁhﬁ,’;oro(s‘) in oscillator form
[19-22]:
3
+2)

Pne,0

n 0, 0(5) + 5(5, ne) (th (15)

where

D(5ne) = 2.232(1 + 2n2n2)/2573/2, (16)

We also note that the exciton spectrum (17) isdvatily
for low — lying states of the excitomy, 0;t;) in the SN,
for which ,,, — E;) < V,, whereV, is the depth of the
potential well for an electron in the SN (e.g., tine
cadmium sulphide SN,=2.3- 2.5eV when the condition
(6) is satisfied [30]).

In Refs. [2] interband absorption spectra of CdSsSN
(s, = 9.3) of sizes varying from 1 td0? nm dispersed in
a transparent dielectric matrix of silicate glas®rev
investigated. The effective masses of electronshaek in
CdsS  were, respectively, m,/my, =0.205 and
my/my=5 (.e., m,<m, ). The dimensional
guantization phenomenon found in ref. [2] for thecgon
energy spectrum was qualitatively described byfdheula

2
a2 ne le

Epgi,(@) = Eg+ —— (18)
In this case in the region of SN sizésomparable with
the exciton radiusg < a., =3 nm, a deviation of the
experimental points from the theoretical dependgi®
was observed. The spectrum of electron — hole fraitise
interval of SN sizesa < a,, calculated in Refs. [19-22]
gave a qualitatively correct description of the elegence
of the experimental spectrum [2] on the SN radius
In the experiment reported in Ref. [2], an energy
structure consisting of an equidistant series wéle was
found in the region if transitions to the lower é¢vof

dimensional quantization of the electron, (= 1). The

and @(5,n.)is the frequency of the hole oscillator above structure is caused by quantization of ttie &oergy

vibrations, t, =2, +1,=0,1,... is the hole main
guantum numbem(. is the hole radial quantum number).

spectrum in the adiabatic potential of the electron
From the comparison of formula (16) (far, = 1) with

Taking into account formulae (13), (15) and (16) wethe experimental dependence of the splitting magdeiton

obtain the EHP spectrumEfL l_o(s)] in the state
(n,, 1, = 0;t,) for the SN of radiuss(= a/a;) [19-22]:

2,2
E:l};'lezo(g) =Eg + %Kﬁ +57 (Zne,O + Pne,o + i_j) +
(s 3
@S me)tn +3) (17)

where K=0.67 represents the spread of the SN 4ldénd

B = m,/m;. Moreover, numerical analysis of x — ray data

[2], which took the spread of the SN radii into @auot,
shows that the mean radius evaluated over the itdfsh
Slezov distribution wass = 0,86s [2], where s is the SN
radius obtained in the small variance approximation
The main contribution to the EHP spectrum (17)
provided by second term (electron kinetic energyhich
comes from the purely spatial restrictions imposedthe
guantization region. The last two terms, whichassociated
with the Coulomb and polarization interactions kexw the
electron and the hole, are regarded as correctidhs.
polarization interaction between hole and electram,the
one hand, and the surface of the SN, on the gtinevjdes,
like the size quantization of carriers, a contiitnutto the
renormalization of the energy gap of the SN givgnEao,.
(17). The polarization interaction, which is of teme order
of magnitude as the exciton binding energy in the 8 this

the SN sizea obtained in Ref. [5], it follows that for SNs
of radii 1.5 < a < 3.0 nm, the splittingw(3) (Eq. (16))
is in good agreement with the experimental dataajj
differs from the latter only slightly<{ 4%).

>

00

V

E'a(a—)/ me

20

32

Vg e, AY

S

Fig. 2. The dependence of the splittir?g(a) (16) of the radius of the
nanocrystal @ . The solid line shows the experimental dependence

«(a) 2
3. Interband Absorption of Light in
Nanocrystal

The interband absorption of light in SNs was stddie
theoretically in [14-16] using the dipole approxiia in
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the framework of the model considered here, anckutick
assumption that the absorption length> a.

An expression for the quantity Kw) defined by the
hole optical transition from the energy lewgl = 2n, to
the lowest electron level n, =1,l, =m,=0) was
derived in the following form [15]:

2

K5 w) = A%y, Ln, (S)S[A(w)
8—2) —a&(5,n, = 1)(2ny, +3/2)]

€1

where A(w) = hw — Eg, w - incident light frequency, and
A is proportional to the square of the absolute evalfithe

Exciton States Spectrosdéopyuasi - Zero - Dimensional Nanosttures: Theory

contribution of higher exited hole lineén, = 2;1;, =
my, = 0) is negligible.

This way, in the framework of the considered moafel
the quasi — one — dimensional system it was shtanthe
absorption and emission edge of a cadmium sulpbidiés
formed by two transitions of comparable intensities

4. Nanolaser on Heavy Hole Transition
in Semiconductor Nanocrystals

We assume that CdS microcrystals have a direct band
structure, like bulk CdS. The extrema of the cotiducand

dipole moment matrix element calculated with Bloch5jence hands are placed in the centre of theoBiill zone.

functions. The quantit)(s, w) (19) connects the energy
absorbed by SN in a time unit with the time averafe
electric field square of incident wave. Moreovehe t
product ofK (5, w) and SN concentration in the dielectric
matrix gives electric conductivity of the considémguasi —
zero — dimensional system for the frequenreywhich is
connected with light absorption coefficient in tosual
way.

We determine the quantiti( (5, w) (19) corresponding
to hole optical transition from the energy leugl= 2n,
to the lowest electron levehf = 1,1, = m, = 0). In this
case, the expression for the quantity, (5), given by the
square of the overlap integral of the electron laoieé wave
functions, take the form [14-16]

2m5/2 np+1

_2m7 mptl v-3/4
(1+§1r2)3/4 2*"hnp! ®)

Ly, (8) = (20)

In the interband optical absorption spectrum of 8i¢,
radius of which fulfills condition (7), each line
corresponding to given values of the radial and orbital

Moreover, CdS is wide — gap semiconductok, &
2.58 eV) in which nonparabolicity effect are weak. At the
same time, the dispersion laws near the bottomhef t
conduction band and the top of the valence bandbean
considered as parabolic [2].

In the construction of the theory, it was assunied the
electron and hole bands are parabolic. The nonpbcél
parametej of such bands for EHP energi{f;)(a) 17) in

the group state, which is obtained from the expenis of
Refs. [2] in SN of sizea~a,, takes a small value

th
j(@) = Fa—by < 8%.
Eg

This relation gives a basis for the assumption that
valence and conduction bands are, to a high degfee
accuracy, parabolic.

In Fig.3, the energy diagram of the optical trdosg in
CdS SN of radius fulfilling the condition (6) is shown Ref.
[13]. The electron energy spectruf ,; (a) (18) in the

I, quantum numbers turns into a series of close lyingonduction band of a SN of the radimgomparable to the

equidistant levels, corresponding to various valagshe
main hole quantum numbey,. This conclusion follows
from (15), (16) and (19), and is a direct consegeeof the
Coulomb and polarization interactions of an elattand a
hole in SN.

linear dimension of quasiparticles in semicondugtar

determined only by the size quantization effecte €hergy
spectrumﬂf{;oro of heavy hole in the valence band is
equivalent to the spectrum of hole carrying outiltzgor

vibrations with frequency@(S,n,) (Eq.(16)) in the

We can estimate value of the overlap integral sguaradiabatic electron potential.
(K(5,w)/A) using (19), (20) and the experimental data

taken from Ref. [2]. For the hole transitions fraime
equidistant  quantum  levers: (n, =0; I, =m, =
0), (n, = 1;1, =my =0),

np=2;l,=m, =0),(n, =3;l,=m, =0), to the
lowest electron size —quantized level, & 1,1, = m,
0), we have

K(GSw)
A

where Ly =7.66573/4 L, =0.5Ly, L, = 9.4-1072L,,

= L1(3) + L2(5) + L3(5), (21)

Tp
1s

E—

[th=0>
[th=1>

Ly = 107%L,. From above expression, it follows that therig. 3. The scheme of the optical transition of an elecand a hole in a

main contribution in the light absorption coefficieis a
cadmium sulphide SN with the radisg6) comes from the

CdS nanocrystal. The electron energy spectin), (a) (18) and the hole
potential energyU™=%°(x, s) (14) are shown;E, — bandgap width. The

hole spectral lines corresponding to quantum numbeflectron states in the conduction band are labeleq1 s) and (1 p). The

(nh = 0, lh =my = 0) and (nh = 1, lh =my = 0), the
transition oscillator strengths of which are dominarhe

hole states in the valence band are denoted|tgas= 0) and [t, =
1). Transitions are labelled as follows: “1” - pumping2”- creating
inverse population, “3” - lasing
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On the basis of presented results we can formwaate In the adiabatic approximation and within the miesdif
action scheme for a laser designed on CdS quantim d effective mass method [28], an expression for timglibg

[13] grown in boric — silicate glass matrices [1-6] energy of an exciton whose electron and hole movie
1. Pumping: the hole transition from energy level semiconductor QD volume was derived in [29]. In][2Be
/1;’;,0,0(“) to electron statef, _;; -o(a) (1s - effect of significantly increasing the exciton-bing

state) in conduction band with energy (transitionenergy in cadmium selenide and sulfide QDs witirad

“1” in Fig.3): comparable to the exciton Bohr radiex relative to the
exciton- binding energy in cadmium selenide andidwmil

hvy(3) = Eg + E10(5) + AL0,0(5) (22)  single crystals (by factors of 7.4 and 4.5, redpely) was

also detected.

In the experimental study [6], it was found thatess
electrons produced during interband excitation bé t
cadmium sulfide QD have a finite probability of
overcoming the potential barrier and penetrating ithe
borosilicate glass matrix into which the QD is imsed. In

vy (3) = By + E10(5) + 22,0 (5) (23) experimental studies [6] of glass samples with
' " cadmium-sulfide and zinc-selenide QDs, it was fotimat
3. Lasing step: transition of the hole in the valencethe electron can be localized in the polarizaticell wear
band between equidistant level§t, = 0) »  the outer QD surface, while the hole moves withi& QD
[t, = 1) (transition “3” in Fig.3) separated by the volume.
energy In [6], the optical properties of borosilicate glasamples
~ B _ containing QD zinc selenide are experimentally isd
A(S) = ha(n, = 1,3). 24 The average radii of such QDs are in the ramge2.0-4.8

In the experimental conditions from Refs. [L-6)iguid M- In this case, the values afare comparable to the
nitrogen temperatured£77K), the distance\E, between ©xciton Bohr radiug,~ 3.7 nm in a ZnSe single crystal.
electron energy levelsn{ =1, [, = 1) (1p - state) and At low QD concentrations, when the optical propestof

2. Creation of inverse population on the hole level
[t, = 0) by means of electron transition from the
energy levelE, ((5), with spin flip [31], to the
hole energy levelA?,,(5) (transition “2” in
Fig.3). The energy of this transition

(n, = 1,1, = 0) (s state), according to Eq. (18) the samples are mainly controlled by those of iictial
QDs in the borosilicate glass matrix, a shift of feak of

(uf1 +n2)(mh/me)Ryh - the low temperature luminescence spectrum to thogt sh
AE, = 5z = 480meV, wavelength region (with respect to the band Bgpf the

) zinc selenide - single crystal) was observed. Tihbas of
where u,; 1=4.493 [32]. The distanc&(s) between the [6] assumed that this shift is caused by quantum
hole energy levels (23) isA(S) = hw(n. =1,5) =  confinement of the energy spectra of the electruh fole
53meV. _ ) _ localized near the spherical surface of the QD.

For SN of the radius = 2nm, A(S) is several times  The yse of semiconductor nanosystems as the active
greater than the thermal energyT at T = 77 K. In @ ya4ion of nanolasers is prevented by the low bigeinergy
nanolaser on CdS nanocrystals, the pumping eNerg¥ the QD exciton [6,13]. Therefore, studies dieect
hvl. = 3.11eV (22) would correspond to visible Iight, and toward the search for nanostructures in which aifsognt
!asmg at energyA(s) =53 meV would occur in the increase in the binding energy of QD excitons wolid
infrared range [13]. observed are of importance.

The theory of an exciton with a spatially separated

5. Excitons and Biexcitons Formed from electron and hole was developed within the modified

. effective mass method in which the reduced effectiv
Spatla”y Separated Electrons and exciton mass is a function of the semiconductor r@flius

Holes in Quasi - Zero - Dimensional  a[23, 24]. The effect of significantly increasirfgetbinding
energy .(a)| of the exciton ground state in a nanosystem

NanOSyStemS containing zinc-selenide QDs with radii 40z < 29,8 nm

In [28], a new modified effective mass method wagvas detected; in comparison with the exciton bigdin
proposed to describe the exciton energy spectrum @Nnergy in a zinc-selenide single crystal, the iaseefactor
semiconductor QDs with radii Gf ~ ae(acis the exciton IS 4.1-72.6. It was shown that the effect of sigaiftly
Bohr radius in the semiconductor material contaiimethe ~ increasing the binding enerds.|(a)| of the exciton ground
QD volume). It was shown that, within a model inigtsh ~ State in the nanosystem under study is controliedwo
the QD is represented as an infinitely deep patemtell,  factors: (i) a substantial increase in the electhmte
the effective mass approximation can be appliedch® Coulomb interaction energy and an increase in trexgy
description of an exciton in QDs with radicomparable to  Of the interaction of the electron and hole witlor&ign”
the exciton Bohr radiug., assuming that the reduced images (the “dielectric enhancement” effect); €patial

effective exciton mass is a function of the radiug: =  confinement of the quantization region by the Quwte;
u(a). in this case, as the QD radiasncreases, starting from>
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29.8 nm, the exciton becomes two-dimensional with &pherical semiconductor nanocrystals (quantum dots)
ground-state energy that exceeds the exciton hindirplaced in transparent dielectric matrices. The mheaf
energy in a zinc-selenide single crystal by almbed  exciton states in a QDs under conditions of donigat
orders of magnitude [23, 24]. polarization interaction of an electron and a heith a
The average zinc- selenide QD radius was deternbged spherical (quantum dot — dielectric matrix) intedfaare
comparing the dependence of the exciton grouné-stafjeveloped. An shown, that the energy spectrum aefyhe
energy on the QD radius, obtained by the variationahole in the valence band QD is equivalent to thecspm
method within the modified effective mass methodthw of hole carrying out oscillator vibrations in theiabatic
the experimental peak of the low-temperature lusteece electron potential.
spectrum [6]. It was shown that the short-wavelersitift In the framework of the dipole approximation stuflie
of the peak of the low-temperature luminescencetsp@  interband absorption of light in a quasi - zeramehsional
of the samples containing zinc-selenide QDs, Wh@® nanosystems. An expression is obtained for thet ligh
observed under the experimental conditions, iseal®/ absorption coefficient under conditions where the
renormalization of the electron—hole Coulomb intéta  polarization interaction of the electron and a helth the
energy and also the energy of the polarizatiorractéon of  surface of the SNs plays role. In result, an shawrthe
the electron and hole with the spherical QD-diglect pasis of the given model of quasi — zero — dimeraio
matrix interface, related to spatial confinement thé  nanosystems that the absorption and emission efdgbl®
quantization region by the QD volume. In this ca$® s formed by two transitions of comparable intengibm
hole moves in the QD volume, and the electrongalleed  (different hole size — quantization levels and iatdower
at the outer spherical QD—dielectric matrix integd23, electron size — quantization level. Propose a ttéa
24). prospect of using hole transitions between equdist

To apply semiconductor nanosystems containing zinGseries of quantum levels observed in nanocrystats f
selenide QDs as the active region of lasers, fe@gired  gesining a nanolaser.

that the exciton binding energyEci(a)| (QD radius The theory of an excitons formed from spatially

4,0=< a < 29,8 nm) in the nanosystem be on the order ofgnarated electron and hole is developed within the

seve:al |;T° l\?t roomt temperatgr?’o (k |fs the Bolltzmann modified effective mass method. The effect of digantly
constant). Nanosystems consisting of zinc- seleqes increasing the exciton binding energy in quanturts duf

rown in a borosilicate glass matrix can be usedhas _. . . . - .
9 9 zinc selenide, synthesized in a borosilicate glasdrix,

active region of semiconductor QD lasers. The patam relative to that in a zinc selenide single crysalevealed.

LEg)fgé/k;ﬂ]take significant values in the range from 3.1 tOIt was shown that the short-wavelength shift of peek of

rﬁhe low-temperature luminescence spectrum of thapkss
containing zinc-selenide QDs, which was observedetn
the experimental conditions, is caused by renomatdin
of the electron—hole Coulomb interaction energy altsb
Théhe energy of the polarization int.eracti.on of t.He_cEron
dependences of the total energy and binding enefrdgiye and hole with t_he sphpncal QD-dielectric matme_nface,
related to spatial confinement of the quantizatiegion by

singlet ground biexciton state in such a systemtlon the OD vol N i isti £ i e
spacing between the QD surfaces and the QD radais a e QD volume. Nanosystems consisting of zinc-rs

derived by the variational method. It is shown thatQD.S grown in a borqsilicate glass matrix can baluethe
biexciton formation is of the threshold characterda 2CUVe region of semiconductor QD "'?‘Ser.s-

possible in nanosystems, in which the spacing betwhe W.e developed the theory of a blexc_|tons formed from
QD surfaces is larger than a certain critical spgfR5]. It spauglly separated electrons af‘d hqles n & nafe EM.h.at

is shown that the major contribution to the biexait consists of ZnSe QDs synthesized in a glassy maltiis

binding energy is made by the energy of the exceangShown t_hat the major contribution to the biexci_tcinding
interaction of electrons with holes and this cdnttion is C€'9Y 1S made by the energy of the exchange tttergof

much more substantial that the contribution of énergy elebcttrontg :Nt';]h thtcr:Ies arld.bthtl.s co?ttrr:butlon IS miLJIIU br(;
of Coulomb interaction between the electrons arndshdt sut S a?_ 1a b ? € fr?n r: utlon 0 deherergdﬁobl.o? d
is established that the spectral shift of the lewyperature Interaction between the electrons and holes.astablisne

luminescence peak in such QDs is due to quantumat the spec.tral shift of the peak in SUCh.QD.SILie 0
confinement of the energy of the biexciton groumates quantum confinement of the energy of the biexcgosund

We developed the theory of a biexcitons formed fro
spatially separated electrons and holes (the tola QD
volume, and the electron is localized at the osteface of
the QD-matrix interface) in a nanosystem that ciasf
ZnSe QDs synthesized in a glassy matrix [25].
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