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Abstract: This review discusses the current state of researthartificial atoms (superatoms) (quasiatomic
nanoheterostructures) and more complex nanostagchased on them - synthetic molecules, proposeavanodel of an
artificial atom, satisfactorily explaining its eteanic properties, as well as the prospects fordixeelopment of the new
scientific field.
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holes, excitons, biexcitons, phonons, polaronsjtioos,
positrons, etc.) [2 -9].

For the development of nanophysics and nanochemistr AiSing in heterogeneous structures of heteroggneit
fruitful is the idea of “artificial atom” (or supstom) [1-9]. (Which can be considered as nanoparticles and
Superatom (quasiatomic nanoheterostructures) derafig nanoclusters), due, in particular, fluctuations dopant

core (quantum dots (QDs)) of radius with dielectric ~concentration —and  chemical ~composition, synthesis
permittivity (DP) &, which is contained in the volume of conditions in multicomponent systems, plays a speoie
the semiconductor (or dielectric) material; core idn nanophysical and nanochemical superatomic faomat

surrounded by a dielectric (semiconductor) senstr @p ~ Processes [1-4]. Localization of charge carriererothe
e [2- 9]. The term "artificial atom" (superatom) is surfaces of such |rr§gular|tles.l_1r}der certain ciows
legitimate, given the discrete the nature of thecs of the 1€ads to the formation of artificial atoms [2-9].h&
electronic states superatomic and natural aton@,[2as formation of such superatomic accompanied by the
well as the similarity of their chemical activityq]. emergence of the electronic spectra of QN accepteals,
Quasi-zero-dimensional nanosystems (QN) researdf€ nature of which is unknown in most cases, dbagea
consisting of nanocrystals of spherical shape eaed SNarp drop in the mobility of the charge carrierN [13 -
QDs with radiia = 1-10 nm, containing within its scope 21]- For example, in experimental studies [18,19]set
semiconductors (CdS, CdSe, GaAs, Ge, Si, ZnSe) af§ceptor character nanoparticles Agm (AgmS)n in
insulators (AI203), grown in dielectric (semicontary Photoemulsions. _ o _
matrices, has received increased attention dueheir t 1hiS review deals with the existing theoretical
unique photoluminescence properties, the ability t@pproaches to the description of artificial atomd anore .
efficiently emit light in the visible or near-infred bands at COmPlex nanostructures - based on  them - synthetic
room temperature [11-21]. Optical and electro-gptic Molecules, the proposed new model of artificialnegp
properties of QN (which in some cases exhibit thsatisfactorily explaining its electronic properties W(_ell as
properties superatomic) largely determines the gynerthe prospects for the development of appropriates ne

spectrum of space - bounded quasiparticles (efestro €Search direction.

1. Introduction



Optics 2014; 3(6-1): 42-47 43

2. Artificial Atoms and Moleculesin As the QD radius increases so that>> a,,”, (where
Nanoheterostructures ) 28, W o
In the study of the optical properties of glass plas * & té&, ,uoe2 ’

with QDs cadmium sulfide and zinc selenide in the
experimental study [13] found that the electron ¢en two-dimensional electron Bohr radiuspet  m.Pm,
localized on the surface of the QD, and the hotb@same /(M.*+m) - the reduced mass of the electron-hole pairs (of
time moving in the amount of QD. In [14,15] studiedspatially separated electrons and holes)), spHe@-
experimenta”y the QN Consisting of QDs a|uminavg|'|(jn matrix interface transforms into a flat interfade. this
dielectric matrices. Since the values of band gaps artificial atom electron localized on the surfac®D¢
dielectric matrices (about 3.3 eV) is smaller thia@ band Matrix) becomes two-dimensional (2D) [5-9]. In the
gap of alumina QD (7.2 eV), there is a possibitifyan Ppotential energy of the Hamiltonian describing thetion
electron from runoff volume QD in the matrix anceth Of an electron in a superatom, the main contributiothis
localization of the electron in the potential wabove the case brings the energy of the Coulomb interactibthe

QD (a hole at it moves in the volume QD). Thushie[13-  €lectron with a hole [5-9]:

15], apparently for the first time established ekpentally )

appearance of artificial atoms as nuclei contain@Ds Veh(r):—l(l +1Je_ 2)
cadmium sulfide, zinc selenide and the aluminagdaa a 2lg &)

dielectric matrix.

In [2-9] proposed a new model of an artificial atom(wherer - the distance of the electron from the center.QD)
(superatom), which is a QN, consisting of a splaér@@D  Polarization interaction energy of the electron #mel hole
(core superatom) of radiws which contains in its volume with a spherical surface interface (QD- matrix) egiva
semiconductor (dielectric) with P®; , surrounded by a much smaller contribution to the potential enerdytie
dielectric matrix with Pl (relative DPe = (go/e;) >> 1).  Hamiltonian. In this contribution a first approxitizan can
In a volume QD moves hole with the effective massy,, be neglected [5-8]. The energy spectrum of two-
and electrore from the effective mass,” is in a dielectric dimensional electrons in an artificial atom Coulotook
matrix. In such QN lowest electronic level is lahin the the form [5-8]:
matrix, and the most humble level of the hole isthe
amount of QD. Large shift of the valence band (atxd0 E = Ry,

SR I CLL @3)
meV) is the localization of holes in the volume Q@rge n (h+@W2)P 7 age (m ¥,
shift of the conduction band (about 400 meV) isogeptial

barrier for electrons (electrons move in the matmd do \yheren = 0,1,2 - the principal quantum number of the

not penetrate the volume QD) [13-15]. Energy of thglectron, Ry= 13,606 eV - the Rydberg constant. The

Coulomb interaction of the electron with the hds, well binding energy of the ground state of the two-disienal
as the energy of the polarization of electron eat&on with electron, according to (3), is given by:

the interface (QD - matrix) (as DR QD is far superior to
the DP matrixe;) cause the localization of the electron in E% =-4Ry.. (4)
the potential well above the QD [5-9]. o

X

In [5-9], in the framework of the modified methotitbe Under the binding energy (4) of the ground statehef
effective mass [22], developed a theory superatdm @lectron means the energy required for the decathef
spatially separated electrons and holes (the hwie the pound state of an electron and a hole (in the stiten = 0)
amount of QD, and the electron is localized on the, superatom.
spherical surface interface (QD - matrix)). As areco  From the dependence of the binding enefigya,s) of
advocate QDs containing in its volume semicondscéod  the ground state of an electron in a superatomaijdd in
dielectrics. Energy spectrum superatom, startinth Whe  [5.8] py the variational method) containing ZnSe €Q&f
value of the critical radius QB > a.” (about 4 nm), will  radiusa, it follows that the bound state of an electronuc
consist entirely with discrete quantum levels. Tikisalled pear the spherical surface interface (QD-matrixsting
hydrogen-superatom [2-9]. Localized above the serfaf  \yith the critical QD radius > a'” = 3.84 nm. Hole while
the electron is a valence QD. Quantum-discrete ggner moving in a volume QD, and the electron is localizm
levels superatom thus, are located in the bandhg#tpices  the surface of the spherical interface (QD- matrir)this
(dielectric or semiconductor). Electrons in supgmat case, the energy of the Coulomb interactddn(r) (2)
linked to well-defined atomic orbitals and locatipa in  petween the electron and the hole, and the enerdleo
the vicinity of the nucleus (QD) [2-9]. As a corévacate polarization interaction of an electron and a heith a
QD containing in its volume semiconductors andetiggics. spherical surface interface (QD-matrix) prevail othe
lonization energy superatomic take large value®yal8 energy of size quantization of electron and holettia
eV), which is almost three orders of magnitude &igian  artificial atom. Thus, in [5-8] found that the ocnce of
the binding energy of excitons in semiconductorS][2 superatom has a threshold, and it is possible foaly the
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QD radiusa > a'” = 3.84 nm.

With the growth of the radiua QD scan, an increase in
the binding energy of the groursdate of an electron in a
superatom. In the range of radii 40 < 29.8 nm binding
energy of the ground state of afectror in a superatom
significantly exceeds (in (4,1-76,2mes the value of the
exciton binding energf’,~ 21.07meV in a single crystal
of zinc selenide [5-8]. Beginning withe QD radiusz > a.®
= 29.8 nm, the binding energy of tlggound state of an
electron in a superatom asymptoticdthjlow the valueE’%,
= -1.5296 eV, characterizing thieindinc energy of the
ground state of two-dimensionalectron in an artificial
atom (4) [5 -8].

The effect of a significant increasethe binding energy
of the ground state of an electrondnsuperatom mainly
determined by two factors [5-8]: 1)sgnifican increase in
the Coulomb interaction enerdV..(r)| (2) electron-hole
(the "dielectric enhancement"); 2) tepatia limitation on
the quantization volume QD, whilgith increasing radiua
QD scan, since the QD radias> a® = 528%, = 29.8 nm
superatom becomes two-dimensionalth the binding
energy of the ground stai,, (4), the value of which is
almost two orders of magnitudgreate than the exciton
binding energy in a single crystal zific selenide.

The effect of "dielectricenhancemen due to the fact
that when the DP matrix is significantly less than the DP
QD &5, an important role in thénteractior between the
electron and the hole in the superatolaying field created
by these quasi-particles in the matit.the same time, the
interaction between the electroanc the hole in the
superatom is much greater than iseaniconductc with DP
&2 [5-8]

In [13] studied the optical properties borosilicate glass
samples containing QD zinc selenid&cording to X-ray
diffraction measurements, the meaadii ¢ QD ZnSe,
rangedz = 2.0 — 4.8 nm. At loveoncentratior of QDs & =
0.003%), their interaction can heeglectec The optical
properties of such QN mainldetermini the energy
spectrum of electrons and hollesalizec near the surface
of a spherical single QDs grown in thkas: matrix. In [13]
found a maximum (peak) of thepectrum of low-
temperature luminescenée= 2.66 eVatT = 4.5 K, which
is below the ceiling of the band gap,E 2.823 eV) of a
single crystal of zinc selenidePeal shift £ Low
temperature photoluminescenspectrun with respect to
the band gap ZnSe single crystaltie short wavelength
region, equal{£ = E — ;= -165meV).

Comparing the energy of the grousidite of the electron
(Eo(a,€) - Eg) in the artificial atomwith the value of the
peak of the luminescence spectrdi= -165 meV, in [5-8]
was obtained by the average radigs_ 4.22 nm QDs zinc
selenide, which was in the rangetbé mean radii 4 = 2.0
— 4.8 nm) QDs, studied undexperimentz conditions [13].
Thus, the proposed model wsuperator allowed to
interpret the mechanism afccurrenc of the peak of the
luminescence spectruE = -165 meV nanosystems
studied in the experimental work [13].

The distance betweeo (or more) of artificial atoms
up to a certain critical valuec between the QD surface (eg,
a smaller value of the tw8ohr radii of the electron in
superatom) will result in anverlap of the outer electron
orbitals superatomic anthe emergence of the exchange
interactions and, thereformore powerful type of bond [2-
9,23] (compared with tieto the natural molecules). The
result can be createdonditions for the emergence of
artificial atoms new quantum nanosystems -
quasimolecules or artificiaholecule [4,9,23].

Specified type of bond isew even because, despite the
nature of the exchange, dar be realized at wavelengths
much longer than theharacteristi lengths for known
natural molecules. Indeedhe value of the overlapping
integral of the outeelectror wave functions in the quasi-
molecule essential takasvel distances far exceeding the
characteristic length for th&nown natural molecule [5-
9,23]. This enhancemeneffect in the quasimolecule
binding energy due to tHacl that the main contribution to
the binding energy makehe exchange interaction energy
of the electrons, therenormalize Coulomb and
polarization interactions afpatially separated electrons and
holes [5-9,23].

One can also assume ththe above conditions for the
formation of artificial molecule can be provided and
influence of other factorsucl as external physical fields.
This assumption igvidence by the results of [11,12,17,
24], in which theoccurrenc of the effective interaction
between two artificial atomever long distances under the
action of theelectromagnet field has been observed
experimentally

As a result, thedistanct between two superatomic
representing QDs cadmiusulfide with localized on the
QD surface valencelectrons since some critical distance
Dc between the surfaces th nuclei (QD) atomic orbitals
of the two valence electromserlap (in this case the value
of the overlapping integrabf the outer electron wave
functions takes essentiabjc form a bond. The result is a
quasimolecule [4.9, 23Buct a connection is a new type of
chemical bond in thequasimoleculc The total energy
E,(D,d) the singlet grounc state quasimolecule in
nanoscale took the forf4,9,23]:

E.(D),meV —s

1,’19
b=®/a)* —
Fig 1. The dependence of the binding en¢E,(a,D) of the singlet ground
state quasimolecule (consisting of two spherical CdS QDs \aitkrage
radii of @, = 3,25 nm) of the distance D between the surfaces of the
Herea?, = 2.5 nm - the Bohr radius of an electron in a superat
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Eo(D,a) = 2E,,(a) + E,(D, &), (5)
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electrons and holes (i.e the ratio ef 0, 11). The
calculations of the binding energy of the groundtest

whereE, (D, @) the binding energy of the singlet groundquasimolecule in the QN are variational, so they gave

state of the quasimolecule, and the binding engggga)
of the ground state of artificial atoms (of the apa
separated electrons and holes) are localized osutface
of the QD found in [5-9], (parametels= (D/al,),d =
(a/agy)).

The results of the variational calculation of thading
energy E,(D,a) the singlet ground state of the

low values for the binding enerd¥, (D, a)| and|E™"| .

Thus, the observed effect is a significant incraaste
binding energy of the singlet ground state of the
guasimolecule (of spatially separated electrons lzolds)
in the QN (more than an order of magnitude) tha@ th
binding energy of the biexciton in a single crystsl
cadmium sulfide [4,9,23].

quasimolecule in the QN, consisting of CdS QDs with  1pig effect is a significant increase in the binglenergy

average radii ofi; = 3.25 nm (DP ¢, = 9.3, the effective
mass of holes in the quantum dwot, / my) = 5), grown in a
borosilicate glass matrix (D& = 2, the effective electron
mass in the matrix was calculated in [25] and isaédo

m® / my) = 0,537)), which was investigated in the

experimental work [13], are shown in Fig. 1 [5,8].[13]
investigated samples borosilicate glass, doped itadm
sulphide concentrations ok 0.003% to 1%. At
concentrations of QDs, sinc&x0,6%), it is necessary to
take into account the interaction of charge casriecalized
on the QD surface.

The binding energy,(D,a) the singlet ground state
guasimolecule in the QN, comprising QDs cadmiunfickel
with the mean radiit; = 3,25 nm has a minimum value

ED(D,,@,) ~ —6,84 meV (at a distanc®, =3,0 nm) (see.

Fig.1) (Eél) corresponds to the critical temperature

T.~79K) [4,9,23]. Of Fig. 1 that quasimolecule QN

occurs starting from a distanc® > Dc(l) = 2,1 nm
between the surfaces of QDs. The formation of suasi-
molecule has a threshold and is only possible & @N,
comprising QDs with average radii af, in which the
distance D between the surfaces of QD exceeds so
critical distancd)c(l) [4,9,23].

The binding energy of,, (&) superatonk,, (a,) =-98
meV [5-9]. The energy of the singlet ground statehe
quasimolecule  (5) takes the valué,(Dy,a;) ~

of the singlet ground state of the quasimolecule ttuthe
fact that due to the presence of the QN of therfinte
(QD-matrix), the energy of the exchange interaction
between electrons and holes (the renormalized @uulo
interaction (2) spatially separated electrons aakkd) in
the QN, will be much greater than the energy of the
exchange interaction between electrons and holes in
single crystal [4,9,23].

It should be noted that in the experimental worR][1
apparently, was first discovered by the interactidrthe
charge carriers are localized on the QD surfacadmium
sulfide. At the same time, we have proposed a model
quasimolecule [4,9,23] allowed to interpret the hadsm
of occurrence of the peak of the absorption spectof
nanosystems studied in [13].

In a single atom of an alkali metal valence elattro
moving in the Coulomb field of the atomic core [26]
having the same functional dependence @s well as the
Coulomb field (2), in which the valence electron an
hydrogen-like model of artificial atom [2-9]. Thisads to
the fact that the energy spectra of the valencetrele in a

m§ngle atom of an alkali metal and an artificiabrat (3)

describes the spectrum of a hydrogen-type [2-9, 26jhe
same time, the number of possible quantum statdheof
valence electron in the model of a hydrogen atatificial
is the same as the number of quantum discretesstatine

—202,84 MoB [4,9,23]. It should be emphasized that wevalence electron in a single atom of an alkali mga

used the criterion of applicability of the variata
calculation of the binding energié(ﬁ, d) guasimolecule
was carried out (the rati€ " (D;, @;)/Ee (@) ) = 0,07).

With the increase of the distanBebetween the surfaces
of QD, starting with the value

D > D/® = 4.4 nm,quasimolecule QN splits into two
superatom (see. Fig. 1) [4,9,23]. Thus, quasimdéeQN
may occur if conditionsD¥ < D < D/®. In addition,
guasimolecule can exist only at temperatures betow
certain critical temperaturg. = 79 K. Biexciton (exciton
guasimolecule) arose in single-crystal CdS withirading

energyE, = 0.59 meV (at a temperature of 6.84 K). The

binding energyE," the quasimolecule in nanosystef)s
with exceed more than an order of magnitude [43]9,2

In the binding energy of the quasimolecule, asofed
from the results of variational calculations [43,2the
main contribution to the exchange interaction epergthe
electrons and holes, which is substantially gretiten that

of giving energy of the Coulomb interaction between

9,23,26].

In [4,9], the positions of the energy levels of tlence
electron in the individual atoms of alkali metafs Rb, Sc)
[26] and the new artificial atorX, and also the level shifts
of the valence electromEg,, AEE?, AES®) relative to the
adjacent level. In [4,9] it was assumed that thé sfi the
energy leveE, artificial atomX (with respect to the energy
level Eg. of the atom Sc) will be the same as the shifhef t
energy levelsEg, of the atom Rb (relative to the energy
level Eg. of the atom Sc), (i.dESC = AEEP ). Then, the
level of the valence electron artificial atom tak&alueEx
= - 593 meV. Using the dependence of the bindirgygn
E.(ae) of the ground state of an electron in an artfici
atom, obtained in [5,6] by the variational method,
containing zinc selenide QD radias in [4,9] found the
radius QD zinc selenidal = 5,4 nm, which corresponded
to the levelEx = - 593 meV. It should be noted that the
energy levels of a valence electron in the indigidatoms
of alkali metals (K, Rb, Sc) [26] and the new &ctél atom
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Xis in the infrared spectral region [4,9]. extreme conditions of synthesis, etc. [2-9,27,28].

Thus, we proposed in [2-9] a new model of an aitfi These results suggest the possibility in principle
atom allowed to offer and calculate a newcreating a plurality of artificial atoms, includingatural
nanogeterostructure quantum dot - artificial atémthe  analogues, with new physical and chemical proeffie].
natural analogue of the group of alkali metalsjofwing Based on them, we can construct new quantum naeosys
the cesium and absent in the periodic Mendele&l.[4, - quasimolecules and quasicrystals management syymnme

Briefly discuss the differences between artificialand lattice period which will allow to realize thaique
spectroscopy [5-9] and the natural hydrogen-likemst physical and chemical effects and phenomena, weew
[26]: principles in materials science [2-9, 23].

1 In effect, the emergence of artificial atoms and in The observed effect is a significant increase ie th
effect a substantial increase in the binding enerigy binding energy of an electron in a hydrogen-sujpengd6-9]
the ground state of an artificial atom, the pivotsle  (almost two orders of magnitude greater than irsexdo
played by the interface (QD - matrix). A charadBti nanosystems, in which electrons and holes areifechin
feature of the emergence of the electronic states the volume QD) can afford to use them as the active
such superatom (ie, the formation of superatoms) imedium of a new generation nanolasers emittinghi t
the existence of a critical size of the nanopatiet  optical spectrum [27], as well as a base elemerd néw
(about 5 nm). In this connection it should be notedjeneration of optical nanocomputers [5,6,27, 28].
that for substances which are capable of forming
atoms should be a region of the sphericakl_ Conclusions
nanoparticles

Scientific direction, studied physics, chemistrydan
& < as< g, technology of artificial atoms is new and is being
. o : . ... . developed as the current and future research idinga
(where a, is the atomic dimensions), in which it is . ; .
impossible  superatomic  education. Therefore, thlé;\boratones arpund the wgrld. At the Chuiko I@Bt of
urface Chemistry of National Academy of Sciencés o

ossibility of a continuous transition from thetstato the : ) . : .
P y . . N . Ukraine first proposed and theoretically investgha new
states of an ordinary atom superatomic may beethut g
model of an artificial atom - a nanoheterostruciurd

only under certain conditions related either togteate the )
) . : : space - separated electrons and holes; developed
charge carriers through the interface (hanopartichatrix) : :
approaches to the construction of new, unique qguant

in the surface layer, or at atomic dimensiangabout one e o
. . ) nanosystems - artificial atoms, molecules, artficand
nm) under which the above arguments inapplicable. ;
a§ynthetlc crystals.

2 Long-distance asymptotic behavior of the potenti
energy of the electrom((*)) leads to the existence of a
finite number of energy levels in superatom. B
varying the radius o%é QD can bg directed yReferences
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