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We are performed a Monte-Carlo simulaion of fabrication processes of porous silicon by electro-chemical
etching under 300 K of (100) single silicon and resulted a set of free-standing wires. We are not obtained rebuilding
of break bonds as like on the surface. Next we are performed ab initio calculaion for daboration of electron
properties of free-standing silicon wires. For this the Car-Parrinello molecular dynamics and ab initio norm-
conserving pseudopotentia were used. The cal culation algorithm means using of atomic basis (it reflects features of
the investigating system) which certainly ought to have inverse symmetry. The atomic basis of the primitive
tetragonal unit cell of the superlattice represented an infinite silicon free-standing wires with a square cross section at
side with 5,43 A and (100) orientation. An examination of the maps of valence electron density distributions and
valence electron spectrum obtained with the help of author program code can explain properties of considered atomic
objects. It wasindicated that an each atom on surface the wire with a slight thickness had different electron state. This
result show anisotropy of electron properties of atoms dong free-standing wire surface even if cross section of wire
was homogeneous on whole length and explain of wide bar of luminescence not only by means of scatter of

parameters of cross section of free-standing wire.
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I ntr oduction

Formation of porous space of the composite
topology creates interesting object in which different
classes of the phenomena both physical and chemical
nature are combined. Namely: quantum-dimensional
effects, fractal phenomena, which are the reason of photo
and electro-luminescence at room temperatures, €tc.
With the help of the experimental methods, for example
by means of a tunnel microscope to trace morphology of
pores deep into from the surface is not obvioudy
possible, as the sizes of a tunnel sonde is more, than
pores. Therefore adequate simulaion is a single
expedient to establish actual structure of porous material.

. Calculation methods and results

In our computer calculation experimental procedure
of the fabrication porous layers in silicon was marketed.
These layers are traditionally got by way of the anode
etching in solution HF under room temperature
Realization of model procedure of fabrication por-S
consisted in the following. We started at 7= 300 K from
crysta S (c—S) located in a model cube with linear
dimensions of edges 27,1E, as a film with width in
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direction Z — 21,68 E and the infinite length in directions
X, Y. The (100) surface of a film was considered as the
surface of interacting with active substance (solution
HF). The moded volume contained 1000 atoms.
Interaction between atoms was modeled by Keating
potential [1]. In our models atoms can be under two
conditions. in “not etched” state and in “etched” state
(vacancy was formed). First all atoms were in not pickled
dtate in crystalline positions. Further the algorithm of
etching is realized in which the basis is an anaysis of
probability of exception of atom from crystal layers. One
atom is chosen casually from set of available atom N (N
— st available atom comprises of atoms of the surface,
which interacts with active material HF, and atoms,
which are connected with surface atoms by the etching
channel). On the first smulation step the atoms set (N) is
equal to quantity of surface atoms. After choice of the
atom it is calculated probability of the removing this
atom from crystal (the etching). On following step a new
set of atoms (N) is defined, which are available to
etching, in the manner of percolation cluster. Process of
etching was prolonged until percent contents of poresin
model volume (~ 50%) have been reached. It is known,
that in por-Si from porosity >50% during electro-
etching are possible to gain quantum points, quantum
wires, and devices with various fracta dimensions
Further such mode of atomic system was obtained as a
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result of arelaxation by Monte Carlo procedure.

On patterns of the radial distribution functions n(r)
(fig. 1) of atomic structure crystalline S and por-Si the
differences are fixed. Comparing results of simulation for
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Fig.1. Radial distribution functions, n(r), for porous
silicon (a) and Si crystal (b) (T=300 K).

¢-Si and por-S, it isvisible, that first coordination sphere
of crystal S contains 4 atoms, por-Si — 0,51, the second
accordingly — 8 and 0,61, the sixth — 12 and 2,52 (fig. 1).
Herewith, profiles of radial pair distribution functions
g(r) for ¢c-Si and por-Si (fig. 2) show a similar location of
peaks on distance, for example, the first peak is apart
2,34E, second — 3,75E, the third — 4,5E, etc. (see
Fig. 2). The results obtained by us, prove to be true
experiments [2] which mount, that in por-S in basic the
order of the location of the atoms, inherited from a
silicon substrate is saved.

The spatial pattern of arranging of atoms (Fig. 3)
shows, that the nano-dimensional formations in por-S
are shaped as the ramified isolated clusters. Growth of
silicon wires occurs perpendicularly to surface of
etching. Poresin porous silicon destroy atomic chain that
givesin formation of broken bonds. But reconstruction of
atoms, similarly to the surface, for closure of broken
bonds does not occur as evidenced by improved chemical
activity por-Si and change of its eectronic and optical
properties by contrast to zero-defect silicon. Absence of
essential atomic reorganizations in the field of the free-
standing silicon wires in an array of porous material
prove to be true by our additional calculations with use
of methods from the firg principles — theory of
functional of eectron dendty and a ab initio norm-
conserving pseudopotential within the framework of
algorithm of quantum-mechanical molecular dynamics —
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Fig.2. Radia pair distribution functions, g(r), for
porous silicon (a) and Si crystal (b) (7=300 K)

Fig.3. Spatia pattern of arrangement of atoms in
por-S: in the plane of perpendicular surface (100)
(a), on the part of the surface (100) (b) (7 = 300 K).

which alow to estimate the basic state of atomic system
[3].

The calculation agorithm means using of atomic
basis (it reflects features of the investigating system)
which certainly ought to have inverse symmetry. The
atomic basis of the primitive tetragonal unit cell of the
superlattice represented an infinite silicon free-standing
wires with a square cross section at side with 5,43 A and
(100) orientation. It comprised 8 atoms of silicon.
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Using the author program code [3], the performances
of the basic state of atomic systems for center of
Brillouin zone have been received with such variants of
experiment requirements. (1) number of plane waves in
decomposition of the complete wave function of system
was defined by the cutoff energy 12 Ry and has made
705; value of fictitious mass for orbitals — 300 atomic
unities, a time step in algorithm of the molecular
dynamics — 2 atomic unities, number of iterations of the
self-coordination — 20; starting conditions for e ectronic
orbitals were defined by random values of coefficientsin
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Fig.4. The (110) section of the space valence
electron density distribution: (a) for bulk silicon;
(b) for thin silicon film with thickness 5,431& (not
relaxed); (c) for free-standing silicon wire (section
aong a wire); (d) for freestanding silicon wire
(section across a wire with the indication the
numbers of atoms of basis); (€) for a cluster from 8
S atoms
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Fig.5. Sections in crossy perpendicular planes of
the space valence electron density distribution for
free-standing dlicon wire in a neighbourhood of
atoms of basis with numbers 1(a), 2(b), 3(c), 4(d)
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decomposition of the lowest states and zero vel ocities of
their change; interaction of valence electrons with an ion
of a atom core was caculated with the help of
Hartwigsen, Goedecker, Hutter ionic pseudopotential
from first principles  which took into account
contributions s-, p-, d- orbitals [4]; (2) under other
identical requirements, starting conditions for electronic
orbitals  were  defined Hamiltonian matrix
diagonalization, which has consisted from functional of a
kinetic energy and the Bachel et—Hamann—Schluter ionic
pseudopotential which took into account contributions s-,
p-, d-orbitals [5] and have been screened by the dielectric
function &(G) in  Thomas-Fermi  approximation.
Calculations on different starting conditions yielded the
similar results.

The analysis of density distribution of valence
electrons for the free-standing silicon wires of the infinite
length has allowed revealing main features in its spatial
structure. Interaction between hairlines which were apart
3,06 A, is not observed, atoms practically maintain the
arrangement as it was in a crystal with inappreciable
displacements (about 2%), that reduces thickness of the
free-standing wires.

For observation of transformation of electron density
at change of dimensonaity of substance of silicon from
volumetric to a thin film thickness 5,43 A, is farther to
the free wire, and in the end, to a cluster from 8 atoms,
on Fig. 4-5 sections of a spatial distribution of eectron
density of termed objects are given.

Atoms with numbers 1 and 5 of atomic basis are
interior atoms of a wire and for them, asit is clear from
fig. 5, sp>-hybridization is maintained, and the surface of
awireis created by atoms 2, 3, 4, 6, 7, 8. From Fig. 4 it
is visible, that at that small thickness of a wire, which
was explored, each pair of atoms of the surface (presence
of pairsis defined by inverse symmetry in atomic basis)
has different electronic state which shows distinction in
the valence-eectron distribution in a neighbourhood of
termed atoms. This result shows anisotropy of eectron
properties of atoms along free-standing wire surface even
if cross section of wire was homogeneous on whole
length and explains bar wide of luminescence not only by
means of scatter of parameters of cross section of free-
standing wire.

Conclusions

We obtained by computer Monte-Carlo simulation
with atomic potential and methods from the firg
principles that in por-Si in basic the order of the location
of the atoms, inherited from a silicon substrate is saved.
Growth of silicon wires occurs perpendicul arly to surface
of etching. Reconstruction of atoms, similarly to the
surface, for closure of broken bonds does not occur. We
are appeared anisotropy of eectron properties of atoms
along free-standing wire surface even if cross section of
wire was homogeneous on whole length. This anisotropy
explains the bar wide of luminescence not only by means
of scatter of parameters of cross section of free-standing
wire.
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EnexkTpoHHi BJacTHBOCTI BUIBHUX HUTOK IMOPUCTOr0 KPEMHIIO. PO3PaxXyHOK i3

Nepux NPUHUHUIIB
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3a ponomorow Merony Monre-Kapino MU BiATBOPHIM IPOLEC BUIOTOBJICHHS MOPHCTOrO KPEMHIIO MUIIXOM
€JICKTPOXIMIYHOTO TPaBJICHHS 3pa3Kka KPEeMHIIO 1 OTpUMall MacuB BUIBHUX HUTOK. MU He criocrepirainy nepedynoBu
00ipBaHMX 3B'A3KIB, 110 XapakTepHe i MoBepxHi. s 3'siCyBaHHS €IEKTPOHHUX BIACTUBOCTEH BUIBHUX HHUTOK
KPEMHII0 MM BHKOHAJIM PO3PaXyHKH 3 BUKOPUCTaHHSIM METOIB i3 MEPIINX NPHUHLUIIB. MOJIEKYISPHOI AMHAMIKU
Kap-ITapinemno i Teopii IceBRONOTEHIiaTy. AJITOPUTM 00UYHCIICHb Nepeadadac BUKOPUCTAHHS aTOMHOro 0asucy (ue
BiZIOOpaXaroTh TOMOJOriYHI OCOOJMBOCTI JOCHIIPKYBAaHOI CHCTEMH), SIKHil MOBMHEH MaTH 3BOPOTHY CHMETPIO.
AromHMH 06a3uc NMPUMITHBHOI TaTParoHaJIbHOI KOMIPKM CYNEPPELITKU NpEJCTaBisie COOOI0 HECKiHUCHHY BiIbHY
HUTKY 3 KBaJpaTHUM MONEPEYHUM MepepizoM i3 cropoHoto 5,43 A opientopany B manpsamky [100]. Ananiz kapt
pO3MOAINY TYCTHMHHM BAaJEHTHHX €JCKTPOHIB 1 CHEKTPY BaJICHTHHX €JICKTPOHIB, OTPHUMAaHHX 3a JIOIIOMOIOIO
aBTOPCHKOI'O HPOrPaMHOrO KOy, HO3BOJSE MHOSCHUTH BIACTUBOCTI 00’ €KTiB, WO po3risigarorecs. Tak, Oyio
BU3HAUCHO, L0 KOXHHUH aTOM Ha IIOBEPXHI HUTKM Majol TOBIIMHM Ma€ pi3HMH enexkrpoHHuil craH. lle nae
MOJMUIMBICTD BU3HAUMTH HASBHICTb aHI30TPOMIl €IEKTPOHHMX BJIACTHUBOCTEH aTOMIB Y3Z0BXK IOBEPXHi BUIBHOI
[IPOBOJIOKH TIOPUCTOrO KPEMHII0 HaBiTh IPH OIHOPIAHOCTI IHepepidy HMPOBOJIOKH IO BCill JOBXKHHI 1 IOSCHUTH
MIUPOKY CMYT'Y (hOTOIFOMIHECLICHIIii He TUIBKY Yepe3 PO3Ku/l apaMeTpiB epepi3y BUIbHUX IPOBOJIOK.

Ki1ro4oBi c/10Ba: BiJIbHI HUTKU KPEMHIIO, €I€KTPOHHI BIACTUBOCTI, PO3PAXYHOK 13 MEPIINX NPUHIIMIIB.
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