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BBIBO J

PesynbpTaTel HcciaeqoBaHUl MOKAa3bIBAIOT, YTO
MPUMEHEHUE B CHUCTEMAax YNPABJICHUS HEYETKHUX
pPEeryiIsiTOpOB, OCHOBAaHHBIX HAa HCIOJIb30BAaHUU
TEOPUH HEUETKUX MHOMKECTB, ITO3BOJISET YCIIECIIHO
pemarp 3axa4n odecreueHus TpeOyeMbIX AUHAMU-
YECKHUX CBOMCTB CHCTEMBI, TaK KaK B 3TUX pEryJs-
TOpax IPOUCXOAUT ABTOMATHYECKAs MOJACTPOMKaA
K03 (PUIIMEHTOB yCUIICHHS TapaMeTpoB, HCIIOJb-
3YEMBIX JJIS1 YIPABJICHUS CUCTEMOM.
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AB-INITIO MOJEJUPOBAHUE SJIEKTPOHHBLIX CBOVICTB
CBEPXTOHKUX IIVIEHOK OKCHUJAOB PEAKO3EMEJIBHBIX 9JIEMEHTOB
JJIs1 CEHCOPHBIX HAHOCUCTEM
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BbinonHeHo Ab-Initio mogenupoBaHWe 3MNeKTPOHHbIX CBOWMCTB CEHCOPHbIX HaHOMaTepuarioB Ha OCHOBE
peako3eMernbHbIX OKCUAOB (HanpuMmep, okcuaa utTpust). MNpeanoxeH cnocob MooenupoBaHUs TOHKUX MITEHOK
HaHOMETPOBOro mMaclutaba B nporpammHoM nakete VASP, 3aknoyalowmines B MM1MTaLmmn crnosi matepuvana ¢
TOMLWUHOW, PABHON pa3Mepy 3rieMEeHTapHOM KpUCTaNIMYeCckon ayenkn. Pa3pbliB aTOMHbIX CBSI3EN B KpucTanne
Nno OOHOW U3 KOOPAMHATHBLIX OCEN UMUTUPYETCS MYTEM YBENUYEHUS] PaCcCTOSIHUSA MeXOy aTOMHbIMU CIOsIMU
Mo 3TOM OCK A0 3HAYEHMWN, NMPU KOTOPbIX CTabUnNnsnpyeTcs BenmymHa cBOGOAHOWN SHEPrun. YCTaHOBMEHO, YTO
B CBEPXTOHKOWM MIEeHKe pedko3eMenbHOro okcvaa (Mpw TOMWMHE MMeHKW, 6nmnskon Kk 1 HM) BaneHTHasa 30Ha
1 30Ha NPOBOAMMOCTHU SIBHO HE BbISIBMNSOTCS, 3anpeLleHHas 30Ha He hopmupyeTcsi. PakTnyeckn ToOHKas NineH-
Ka oKcuaa penKo3eMerbHOro anemeHTa B obnactu HaHomacluTaba TepsieT QUANEKTPUYECKNE CBOWCTBA, KOTO-
pble 4OCTaTO4YHO OTYETNINBO NPOSIBISIOTCA B KOHTUHYYME.

KnroueBble cnoBa: Ab-Initio, MogennpoBaHne, CBEPXTOHKMNE MIEHKW, OKCUA, PeOKO3EMENbHOro 3fieMeHTa,

CeHcopHasi HaHocucTema.
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3ﬂeKmp0HHble cucmemaosl

Ab-Initio simulation of electronic features of sensoring nanomaterials based on rare earth oxides has been
made by the example of yttrium oxide. The simulation method for thin films of nanometer scale consisted in the
simulation of the material layer of the thickness equal to unit crystal cell size has been proposed within the
VASP simulation package. The atomic bond breakdown in the crystal along one of the coordinate axes is simu-
lated by the increase of a distance between the atomic layers along this axis up to values at which the value of
free energy is stabilized. It has been found that the valence and conductivity bands are not revealed explicitly
and the band gap is not formed in the hyperfine rare earth oxide film (at the film thickness close to 1 nm).
In fact the hyperfine rare earth oxide film loses dielectric properties which were exhibited clear enough in con-

tinuum.

Keywords: Ab-Initio, simulation, hyperfine films, rare earth oxide, sensory nanosystem.

Fig. 8. Ref.: 15 titles.

Introduction. The technology advancement of
sensory nanosystems requires novel materials with
sensory properties determined by processes taking
place at atomic and molecular levels in nanolayers
and nanovolumes. When thin films in sensory
nanostructures are of the nanoscale thickness, the
change of fundamental properties of substances
forming the films takes place. Because of the un-
compensated bonds of surface atoms, properties of
nanosized particles are similar to atomic surface
properties of crystals conditioned by arrangement
features of atoms at the phase interface as well as
features of atom interaction and their displacements
near crystal faces. Mentioned properties of nanopar-
ticles and nanofilms are in particular determined by
the breakdown of the translation symmetry of the
crystalline structure, smaller number of neighboring
atoms, and stronger anisotropy and oscillation an-
harmonicity. This results in the increase of the ad-
sorbability, capability for ion and atom exchange,
and contact interaction of units of sensory nanosys-
tems. However, the analysis of above phenomena
and behavior interpretation of nanoparticles in sen-
soring materials become complicated because of
difficulties in the difference of their bulk and surface
properties. In the nanosized objects a layer is located
at the certain distance from the surface, the elemental
composition, atomic and electron structures and so
electronic features of which differ drastically from
the electronic features of bulk material. The thick-
ness of this layer depends on the nature of material
and is defined by the characteristic size inherent to
physical phenomenon under consideration.

The features of the atomic structure at the free
surface of solid body appear in the relaxation and
reconstruction processes. At the relaxation, the
structure of atomic planes parallel with the surface
remains the same as in the bulk but interplanar
spacings at the surface change (usually shorten).
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The rapidly decreasing change of the interplanar
spacing at the surface does not exceed few percent
and covers several near-surface layers. The struc-
ture reconstruction results in that near the surface
the lattice symmetry in the surface region differs
sharply from the bulk lattice symmetry. The lattice
spacing for such the structure differs from the lat-
tice spacing in the bulk crystal. When the atom
interaction is of the anisotropic type, the lattice
irregularity results in the radical rearrangement of
the atom bond geometry at the surface.

To solve problems of study and fabrication of
sensory nanosystems based on thin dielectric films,
effective methods for the simulation of physical
properties of dielectrics are required. One of such
methods for the investigation of dielectrics as ac-
tive sensory materials is Ab-Initio simulation of
their electronic features. Ab-Initio simulation al-
lows characteristics of complex compounds to be
predicted, dynamics of the parameter variation un-
der conditions of external and internal (by the in-
corporation of point defects and their complexes)
elastic deformation to be determined, and material
composition for the acceptable properties of the
sensoring nanostructures to be optimized.

Ab-Initio simulation of the electron properties
of rare earth oxides: methodology. Hyperfine
films of rare earth compounds (e. g. rare earth ox-
ides) are used as active dielectric materials for quan-
tum sensoring nanosystems [1, 2]. The application of
rare earth oxides is conditioned by their high adsorp-
tion properties, in particular by the advanced adsorp-
tion of oxygen and hydrogen, providing optimal
characteristics of sensoring nanosystems. Multilayer
nanostructures of metal—dielectric-metal and metal-
dielectric-semiconductor types based on thin films of
rare earth oxides have been formed and studied for
sensoring nanosystems including sensors for the
control of multi-component atmospheres [3, 4].
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Yttrium is a typical representative of the rare
earth group, so rare earth oxides have been studied
by the example of the simulation of the Y,03 elec-
tronic features. This compound is good dielectric
with the 5.8 eV band gap. Satisfactory matching of
lattice parameters of yttrium oxide and silicon al-
lows considering Y,03; as a promising dielectric
material for the microelectronic sensoring techno-
logy. Yttrium oxide has a bixbyite structure, i. e. it
forms a body-centered cubic unit cell with 80
atoms and la-3 (Ne 206) space symmetry group
[5-8]. The crystal cell consisted of 6 square faces
with 10.5818 A sides at right angles one to another
(Fig. 1). Every face crosses one of crystallographic
axes oriented transversely to two others.

VASP (Vienna Ab-Initio Simulation Package)
realizing Ab-Initio approach for quantum-mecha-
nical calculations in molecular dynamics (MD) in
terms of pseudopotentials with sets of primitive
elements of plane waves is used as a modeling
tool [9-13]. The above approach realized in VASP
is based on a local density approximation (with
free energy as a varied value) and a correct esti-
mate of the instant electron ground state in every
MD step as well as on the use of efficient matrix
diagonalisation techniques and efficient Pulay den-
sity mixing schemes.

The interactions between the electrons and ions
are described using Vanderbilt ultrasoft pseudopo-
tentials (US—PP), or the projector-augmented-wave
(PAW) method. Both methods allow to fulfil a
considerable reduction of a required number of

plane waves in the transition metal atoms. Moreo-
ver, forces needed for the relaxation of atoms to
their ground states can be relatively simply calcu-
lated with the VASP program. VASP allows carry-
ing out the evolution monitoring of the simulated
system as a whole as well as a spatial displacement
of single atoms included in the system, calculating
their diffusion characteristics, and studying spin-
dependent (in particular, magnetic) physical pro-
perties of material. VASP availability for the cal-
culation of the dependence of above characteristics
on temperature and external and internal elastic
deformations is especially attractive to study active
sensoring materials [11, 12].

In general the simulation problem of the atomic-
structure and electronic properties of rare earth
compounds is a selection of optimal calculation
algorithms in the VASP program, matching of in-
put parameters of the system simulated to obtain
required calculation accuracy, and a selection of
a certain method for the adequate determination
of sensoring material properties studied. The main
methodology used in VASP consists in the solution
of the Shrodinger equation for the electron-nuclear
subsystem of the structure simulated and in the
calculation of the finite total energy, forces and
other parameters and values. The projector-
augmented-wave (PAW) method of the VASP
program that allows lattice parameters to be cor-
rectly calculated, spin polarization and physical
properties of material to be adequately evaluated is
used in this work.

Fig. 1. Y,05 three-dimensional cubic cell: a — view along Cartesian coordinates; b — spatial orientation;

@ - yttrium atom; @ - oxygen atom
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The idea of the simulation algorithm used con-
sists in that the calculation begins from the rela-
tively small number of atoms in the model crystal-
lite and then the structure translation upto the re-
quired size is made on the basis of results obtained.
So, in the framework of the VASP package an op-
portunity is given to simulate structures with low
atom count where the temperature dependence of
the atom motion is neglected. In another algorithm
block, data resulted from the calculation of every
single layer merge into one system. Then with-
drawal/addition of atoms is performed to obtain
lattice defect of specified type (vacancy, intersti-
tial, or their complexes). At the next stage of the
simulation algorithm realization, the selection of
the procedure for the atom addition to the array
simulated is made. For example, if a point defect
(pictured as a sphere) is considered, the increase of
its impact takes place on the principle of the sphere
enlargement. Previously series of tests is made; in
particular the calculation of optimal number of
points that determine a degree of reciprocal space
partition (k-points) is made as well as minimal ener-
gy of the system simulated is defined. Accuracy of
the atoms coordinates determination in the system
simulated depends on the number of k-points. For
dielectrics it is enough ten points per unit cell.

Atomic structure and electronic properties
of the bulk rare earth oxides. When the relaxa-
tion of the system simulated is made, parameters
for the calculation of forces, as well as for the vo-
lume and shape changes of the crystalline cell are
determined. The density of states and the energy-
band structure of yttrium oxide were been calcula-
ted [14, 15]. The calculated densities of states are
shown at the Fig. 2. The calculation of the den-
sity of states allowed the Fermi level equal to
1.5515 eV to be determined.

When the energy-band structure is calculated,
the first Brillouin zone of the lattice which is con-
sidered as a unit cell of a reciprocal lattice ha-
ving point symmetry of this lattice is determined.
All Brillouin zones are replicas of the first zone:
they are obtained by translating points pertinent to
the first zone on the reciprocal lattice vectors. Fig.
3 shows the first Brillouin zone of Y,0s. Principal
points of high symmetry in the first Brillouin zone
are denoted as following: T is a center of the Bril-
louin zone; M, A, X are points located on direc-
tions (110), (111), (100) correspondingly.
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Fig. 2. Density of states of Y,03
(the Fermi level is superposed with 0 eV energy value)
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Fig. 3. Brillouin zone of Y,05 rare earth compound

The construction of the first Brillouin zone
enables defining a contour by which the energy-
band structure should be calculated. The analysis
of the structure and physical-chemical properties of
rare-earth oxides showed that the T'-M-A-X-T"
contour of the unit cell is of the greatest interest in
the studies of Y,03; compound. Analysis of the
energy-band structure (Fig. 4) show that yttrium oxi-
de is indirect dielectric with band gap E, = 4,439 eV.
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Fig. 4. Energy-band structure of bulk yttrium oxide
(the Fermi level is superposed with 0 eV energy value)
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It can be assumed that the increase of the ex-
change energy results in the appearance of splits in
the energy-band structure, and the indirect transi-
tion between the conduction band and valence
band results in the polarization interaction near
points X ((100) direction) and " (center of the Bril-
louin zone). The parameter “effective mass” (dy-
namical mass of a particle when it moves in the
periodic field of crystal) for Y,03; is 0,068m,
(m, is effective mass of electron). It should be no-
ted that the difference between simulated values of
the Fermi level and band gap and reference values
is a characteristic property of the majority of mo-
dels. In the case in question the above difference
relates to the use of certain approximations on the
solution of the Shrodinger equation.

Ab-Initio simulation of electronic properties
of thin films of rare earth oxides. The simulation
of electronic properties of studied materials with the
imitation of the crystal structure limited along one of
the coordinate axes, e. g. along Z-axis, is of particu-
lar interest. Such the representation approximates the
model of rare-earth oxide lattice to the state of analy-
sis of a thin film, the thickness of which is equal to
the crystal cell size along Z-axis. Moreover, in this
case the crystal free surface the presence of which is
provided for in the technology of sensory control to
provide an interaction of active sensoring material
with monitored substance is considered.

To study electronic properties of thin films of
rare earth oxides, in particular yttrium oxide, the
unit cell translation is performed along X and Y
axes to obtain a plane, and then along the Z axis to
obtain the needed crystal structure. Then the crys-
tal cell spacing along Z axis sufficient for the
breakdown of all atomic bonds along the investi-
gated direction is specified to implement a physi-
cally adequate conversion of the thin film. This
procedure can be conventionally interpreted as a
wave function interruption along the investigated
axis. A need for this procedure is conditioned by
the fact that VASP does not provide possibility for
wave functions truncation (attenuation or limita-
tion) along single directions. The determination of
minimal distance between the atomic layers at
which the value of free energy is stabilized is
a sufficient condition for the correct representation
of the atomic bond breakdown. For material under
investigation the optimal value of an amendment
which should be added to atomic spacing along the
Z axis is equaled 10 A (Fig. 5).
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Fig. 5. Determination of optimal distance for the analysis
of bond breakdown between the atomic layers

A next step in the simulation of electronic
properties of the thin film is a transformation of a
vector value along the Z axis and coordinates of
atoms of unit Y,03 cell defined in the crystal bulk
taking into consideration the value of the amend-
ment calculated. For that the Z vector of the trans-
lational cube is increased to the value equal to the
ratio of the sum of the lattice spacing and correc-
ting amendment (10 A) to the lattice spacing. This
value was found to be equaled 1,945 A. Since the
change of the translational cube size results in the
atom displacement (prescribed in arbitrary units)
from initial coordinates, atom coordinates along
the Z axis of the unit cell defined in the crystal
bulk are normalized relatively to the vector value
along the Z axis obtained for the thin film. The
view of the crystal cell transformed by above
methodology to represent the Y,0; hyperfine film
is presented in Fig. 6.

The calculation of the density of single-electron
states (Fig. 7) allows concluding the following.
A wider range of the energy values by which elec-
trons are distributed in the thin yttrium oxide film
than in the crystal bulk is formed. It is explained
by the fact that the geometrical discretization of
nanosized structures is responsible for the discrete-
ness of the quantum-sized energy spectrum. In ac-
cordance with the uncertainty principle, the elec-
tron confinement at least in one direction results in
the increase of its pulse by the value h/L where h is
Planck's constant and L is the length of the struc-
ture confining the electron moving. Kinetic energy
of electrons, respectively, increases by the va-
lue AE = h**2m = (h¥2m)(rn?/L?) where k = 2n/A
and m is electron mass.
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Fig. 6. Yttrium oxide crystal cell view as a result of the Y,03 hyperfine film simulation:

a—isaZ-Y plane view; b — is a spatial orientation; @ - yttrium atom; ®- oxygen atom
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Fig. 7. Density of states of the thin yttrium oxide film
(the Fermi level is superposed with 0 eV energy value)

Thus, quantum confinement is accompanied by
the change of the electron energy and the for-
mation of the discrete energy spectrum E, =
= (h*n%2mL?)n?* where n = 1, 2, 3, ... As this takes
place, the energy spectrum of the crystal cell con-
sidered is characterized by the density of states
g(E) that is a number of possible physically none-
quivalent energy states in the certain range AE:
g(E) = limAj(E)/AE where Aj(E) is a number of
states with the energy in the range from E to
E + AE. When the thin-film nanostructure is simu-
lated as a crystal confinement along one of the
axes, it shows up as an increase of the number of
levels of the energy spectrum not only in the va-
lence and conductivity bands characteristics for
continuum but in the band gap as well. So the va-
lence and conductivity bands for electrons in the
thin film are not revealed explicitly and the band
gap is not formed (Fig. 8).

In fact the hyperfine yttrium oxide film loses
dielectric properties which were exhibited clear
enough in continuum. The study and use of this
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phenomenon opens new possibilities for the for-
mation of nanoelectronic devices including na-
nosensors due to the development of new methods
for the electron flow control in the films under in-
vestigation.

Energy, eV

Cell path

Fig. 8. Energy-band structure of the thin yttrium oxide film
(the Fermi level is superposed with 0 eV energy value)

CONCLUSIONS

Ab-Initio simulation of electronic features of
sensoring nanomaterials based on rare earth oxides
has been made with the example of yttrium oxide.
The VASP simulation package with the description
of the electron-nuclear interaction in the system
under investigation by the projector-augmented-
wave (PAW) method that allows the density of
states and energy-band structure to be calculated
correctly enough has been used as a modeling tool.
Yttrium oxide has been shown to be indirect die-
lectric with the band gap E4 = 4,439 eV and Fermi
energy Er = 1,552 eV. It is assumed that the in-
crease of the exchange energy results in the ap-
pearance of splits in the energy-band structure, and
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the indirect transition between the conduction band
and valence band results in the polarization inte-
raction near points X ((100) direction) and T" (cen-
ter of the Brillouin zone). The calculation strategy
for thin films of nanometer scale consisted in the
simulation of the material layer of the thickness
equal to unit crystal cell size has been proposed
within the VASP simulation package.

The atomic bond breakdown in the crystal
along one of the coordinate axes is simulated by
the increase a distance between the atomic layers
along this axis up to values at which the value of
free energy is stabilized. It has been ascertained
that in the hyperfine rare earth oxide film (at the
film thickness close to 1 nm) the valence and con-
ductivity bands are not revealed explicitly and the
band gap is not formed. In fact the hyperfine rare
earth oxide film loses dielectric properties which
were exhibited clear enough in bulk oxide.
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