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The chemical content of oxides, which appear on a Si(001)
surface previously covered with a submonolayer of adsorbed
antimony atoms and exposed to molecular oxygen up to 108 L
(1 L(Langmuir) = 10~6 Torr - s), has been studied experimentally
by the methods of electron Auger and ionization spectroscopies.
It has been shown experimentally for the first time that a
submonolayer coverage of antimony on the Si(001) surface at
exposures to molecular oxygen more than 10® T results in
forming both the antimony and silicon oxides, the latter with
a stoichiometric content close to that of SiOs. This feature of Sb
distinguishes it from Bi, in the presence of which only silicon oxides
appear. This confirms our previous calculations of the adsorption
energies of oxygen on the Sb/Si(001) and Bi/Si(001) surfaces.
Among the reasons why the exposures that are required for silicon
oxides to be formed in the Sb/Si(001) system are noticeably larger
as compared with the Bi/Si(001) case, there may be substantially
smaller strains and charge transfer between a surfactant and a
substrate, which take place in silicon layers when antimony is
being adsorbed. The quantum-chemical simulation of antimony
oxide phases in submonolayer coverages on silicon showed that the
values of the chemical shifts N4 5 of the Sb levels are proportional
to the variation of the effective charge of Sb atoms.

1. Introduction

The study of the interaction between molecular oxygen
and a Si surface covered with a thin layer of
adsorbed surfactant atoms, in particular atoms of the
elements of the V group, is important both for the
further improvement of the molecular-beam epitaxy
technology and for the development of the fundamentals
of adsorption processes. When being adsorbed, the
surfactants are known to saturate the broken surface
bonds of Si, thus passivating its surface. The Si surface
passivated by a surfactant is resistant to the interaction
with active gases, in particular molecular oxygen [1-5].
For example, the presence of an As monolayer on the
Si(001) surface results in that the adsorption of oxygen
and the formation of both As and Si oxides begin
only at exposures larger than 10'2> L [1]. Bismuth,
when on the Si(001) surface and at large exposures to
molecular oxygen (more than 10° L), stimulates the
formation of silicon oxide with a stoichiometric content
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close to that of SiOs, remaining, at the same time,
in a not oxidized state on the surface of the silicon
oxide layer [3]. This evidences for the formation of Si—
O—Si bridge structures between the first and second
Si layers and for the enhancement of atomic oxygen
diffusion into the depth, as compared with a clean
Si surface without any surfactant coverage. This fact
agrees well with the results of previous calculations
concerning the adsorption energies of atomic oxygen
and the variations of bond lengths between the first
and second Si layers at the M/Si(001) surface, where
M = As, Sb, or Bi [5]. The content of oxides, which are
created when oxidizing the Sb/Si(001) system, remains
poorly studied until now. This system is characterized
by the lowest charge transfer between the surfactant
and the substrate, as well as by the smallest strains
that arise in silicon layers at adsorbing the surfactant
from the set As, Sb, and Bi [5]. Earlier, we showed
that, in the Sb/Si(001)+0; system and at exposures
not less than 10% L, there arise silicon oxides [4]. In
this work, the results of researches obtained with the
help of electron Auger and ionization spectroscopies are
reported, which testify to that provided the exposures to
0. are large (10* — 10® L) and owing to the interaction
between molecular oxygen and the Si(001) surface with
a Sb submonolayer coverage, Sb oxides do appear on the
surface.

2. Method of Researches

Experiments were carried out on an ultrahigh vacuum
installation described earlier in work [4] under the
base pressure of 5 x 107! Torr. The 5 x 30 x 0.3-
mm? samples of B-doped Si(001) with specific resistances
of 4.5 — 10 Q - cm were cut out of a Si plate and placed
after a chemical treatment into a vacuum chamber.
The preparation of the surface for measurements was
similar to that described in work [6]. The absence of
surface contaminations was monitored by the method of

electron Auger spectroscopy. Antimony was thermally
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Fig. 1. Model of the cluster O5Sb2SijsHis which was used in
calculations. Hydrogen atoms are not shown

evaporated onto the Si(001) surface from a source of
direct heating. The degree of coverage with Sb was
monitored through an intensity relation between the Si
and Sb Auger lines [4]. The Sb films on the Si(001)
surface were annealed at a temperature of 650°C to form
an ordered Sb coverage with the 2 x 1 reconstruction
[7] and the degree of coverage fs;, = 0.65 monolayer.
In order to diminish the possible dissociation of O
during the exposure, the experiments were carried out
provided that the incandescent filaments of an ionization
manometer, an electronic gun, and so on are switched
off. To minimize the influence of electron-induced effects,
some measurements were fulfilled in the 1x 1-mm? raster
mode. In so doing, no essential modifications of electron
spectra caused by the action of the electron beam have
been revealed.

The ab initio quantum-chemical calculations were
made in the approximation of the restricted Hartree-
Fock method, and a 3-21G* basic set was used for Si and
Sb atoms. Calculations were carried out with the help
of the GAMESS computer program [8]. In simulations,
clusters that contained up to 66 atoms were used.

3. Results and Their Discussion

When calculating the chemical shifts of core levels,
the geometrical structures for atomic oxygen that built
itself into the bridge bonds were obtained first. For
this purpose, the coordinates of Sb and O atoms, as
well as the coordinates of the Si atoms of the first
surface layer, were optimized. Calculations were made
for O,SbySij5Hyg clusters, where x = 0, 1, 2, 4, and 5.
An example of the O5SbySij5Hyg cluster is presented in
Fig. 1. The obtained values for the bond lengths and
bond angles turned out close to those obtained by us
earlier in a semiempirical approximation [9]. Afterwards,
to calculate the shifts of core levels, larger clusters
(0,SbgSisgHs2) with the geometrical characteristics
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Fig. 2. Possible configurations of Sb atoms surrounded by O ones.
The notations (I), (IT), and (IIT) correspond to the configurations,
where the Sb atoms possess one, two, or three neighbor O atoms,
respectively

similar to those that had been obtained for smaller
0,SbsSiysHig clusters were used. For large clusters,
the geometry optimization was carried out in a single
iteration for saving computational resources.

The evaluated chemical shifts of the Sb core levels
are quoted in the table. The notations (I), (II), and
(IIT) indicate that a Sb atom has one, two, or three
neighboring oxygen atoms (see Fig. 2). It is the
availability of the latter in the Sb—O—Sb, Sb—0O—Si,
0O—Sb—O0, and 20—Sb—O0 bridge bonds that causes the
chemical shifts of Sb. Knowing shift amplitudes makes
it possible to determine the stoichiometry of surface Sb
oxides by methods of electron spectroscopy.

The reference experimental value of the ionization
loss N5 of Sb was obtained using a Sb film of several
nanometers in thickness on the Si(001) surface. The
thickness of the Sb film for these measurements was
chosen such that the Si line was not registered in the
Auger spectrum. The Sb ionization line (IL) Ny 5 with a
loss energy of 33.5 eV and the Sb Auger line MsN4 5Ny 5
with an electron energy of 456 eV are depicted in Figs. 3
and 4, respectively, by curves 1. After the exposure of
108 L of this specimen to molecular oxygen, a shift of
the Sb ionization line Ny 5 (6E = 2.5 eV) of its spectrum
towards higher loss energies was observed (Fig. 3, curve
5). In the Auger spectra of the same surface, the intense
K Ly 3L, 3 line of oxygen is observed . A variation of the
profile of the Sb Auger line M5Ny 5N, 5 (Fig. 4, curve
2) also attracts attention.

No noticeable changes in the form and position of ILs
Lo 3 of Si and Ny 5 of Sb were revealed on the Sb/Si(001)
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Fig. 3. Ionization line Ny 5 of a thick Sb film before (1) and after
(5) oxidation by molecular oxygen (an exposure of 108 L), and
of a submonolayer Sb coverage before (2) and after oxidation by
molecular oxygen with exposures of 10% (3) and 10* L (4)

surface with a submonolayer Sb film annealed at T =
650°C, after its exposure of 10* L to molecular oxygen.
In Fig. 3, the Sb IL N, 5 is shown before (curve 2) and
after (curve 8) oxidation at room temperature. The Sh
IL Nyj5 is evidently positioned at 33.5 eV both before
and after oxidation. It is in agreement with the results of
researches by the method of electron Auger spectroscopy
where the submonolayer Sb coverage on the Si(001)
surface at small exposures (up to 10* L) to oxygen was
shown to hamper the interaction of molecular oxygen
with the Si(100) surface owing to a reduction of the
sticking factor [4].

At large exposures (above 105 L), a variation of
the form of the Sb IL and a shift of its position by
0F = 1.5 eV towards higher energy losses are observed.
It becomes precisely appreciable at exposures to oxygen
of more than 5x 105 L. The Sb line Ny 5 is seen to broad
and to shift towards higher energy losses (Fig. 3, curve
4), which is most likely the consequence of a change of
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Fig. 4. Auger spectrum of a thick Sb film on the Si(001) surface
before (1) and after an exposure of 10% L to Oz (2)

the chemical environment of antimony atoms and,
hence, the electron binding energies at N4 5 core levels.

Let us estimate the content of this oxide. Three
groups of data concerning the dependences of chemical
shifts of the Sb IL N, 5 on the effective charge of the
Sb atom, calculated following Pauling, are depicted in
Fig. 5, namely: our experimental values of the chemical
shifts of the Sb IL Ny 5, our calculated chemical shifts of
Sb core levels Ny 5 (see also the table), and literature

Chemical shifts of the core levels of Sb atoms

Structures The Sb charge | The Sb charge | Shift of the 4d

on the Sb/Si(001)| according according core levels of

surface to Mulliken to Pauling | the Sb atoms
Sb(I) +0.57 0.68(0.55)
Sb(I) +0.47 +0.47 1.15(0.16)
Sh(IT) +0.91 +0.94 2.07(1.01)
Sb(III) +1.44 +1.41 2.84(2.29)

*N o t e. The values of shifts are quoted in eV with respect
either to the vacuum level or (in parentheses) to the Fermi level.
Notations (I), (II), and (III) mean that the Sb atom, for which the
chemical shift is determined, has 1, 2, or 3 neighbor oxygen atoms,
respectively (see the structure chart).
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Fig. 5. Calculated chemical shifts N4 5 of the Sb levels for Sb
oxides with oxygen in a bridge position (circles), experimentally
measured chemical shifts in SbaOgz, Sb20y4, and Sb2Os5 [10, 11]
(triangles), and experimentally measured shifts of the Sb IL Ny 5
(diamonds) as the functions of the effective charge of the Sb atom

experimental data on the chemical shifts of Sb core levels
Ny s in known Sb oxides [10,11]. From this figure, one
can see that the oxide that is formed on the thick Sb
film (0F = 2.5 V) is most likely Sb2O3.

Considering, as an approximation, the dependence
0E = f(gewr) for the Sb IL Ny5 as linear [12], we
may conclude that geg and, therefore, the stoichiometry
of the submonolayer oxide correspond most likely to
the structure of the type 2(Si—O)=Sb—Sb or =Sb—
O—Sb—O0—Si. Another reason for such a shift and a
variation of the form (a substantial broadening of the
IL (see Fig. 2, curve 4)) can be a combination of the
lines of not oxidized Sb (6E = 0 eV) and the line
that corresponds to the structure 2(Si—O)=Sb—O— or
SboO3 (6E = 2.5 eV). Both those cases considered above
correspond to the formation of antimony oxides on the
surface.

Fig. 6 shows the sections of the Si ionization spectra
that include the Si line Ly 3 for the Si(001)+O, and
Sb/Si(001)+02 systems which underwent the action
of molecular oxygen with an exposure of 5x10% L.
The sections of the ionization spectrum obtained for a
clean Si(001) surface with an energy loss of 101 eV are
presented in Fig. 6 by curve 1. The position and the
form of the Si IL Ly 3 are the same as those reported
in work [13]. After exposing the Sb/Si(001) system to
molecular oxygen, an additional line with an energy
loss of 107 eV, which corresponds to oxidized silicon,
appeared in its ionization spectra (Fig. 6, curve 3). This
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Fig. 6. Sections of ionization spectra, which include the Si IL Lo 3,
of the clean Si(001) surface (1), Siin the system Si(001) + 5x 108 L.
of Oz (2), and oxidized Si in the system Sb/Si(001) + 5x108 L of
02 (3)

line evidences for the formation of silicon oxides. This
result coincides with our data obtained with the help
of electron Auger spectroscopy [4]. In the ionization
spectrum of the Si(001)+0 system (Fig. 6, curve 2),
only a weak shoulder from the side of larger energy losses
(104 V) is observed. This form of the IL is typical of the
formation of non-saturated oxides SiO, with =z < 2 [13].
As known, for silicon oxides to be formed in the
Sb/Si(001) system, considerably larger exposures than
those in the Bi/Si(001) one are required (by more than
one order of magnitude) [4,6]. The main reasons of this
fact are substantially smaller strains and charge transfer
between a surfactant and a substrate, which take place
in Si layers, while antimony is being adsorbed [5].
Thus, we have found experimentally for the first
time that if the Si(001) surface with a submonolayer of
the Sb surfactant undergoes large exposures (more than
105 L) of molecular oxygen, the oxides both of silicon
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(possessing the Si—O—Si structure) and antimony
(possessing either Sb-O-Sb or Si—O—Sb structure) are
formed on the surface. This property of Sb distinguishes
it from a Bi surfactant (Bi/Si(001)), in the presence
of which only silicon oxides are formed. This fact
agrees with our previous calculations of the adsorption
energies of molecular oxygen on the Sb/Si(001) surface
[9], where the possibility of the formation of bridge
structures of three types for oxygen on the Sb/Si(001)
surface, namely, Sb—O—Sb, Sb—0—Si, and Si—0—Si,
was demonstrated. Such properties of Sb and Bi are to
be taken into account, if one intends to use them in
practice, as surfactants, for homo- and heteroepitaxy.

4. Conclusions

Using the method of ionization spectroscopy, a chemical
shift of the position of the Sb IL N4 5 by 2.5 eV towards
larger energy losses, when oxidizing massive films of Sb,
has been registered for the first time. The appearance of
such a chemical shift of the Sb IL N4 5 evidences for the
sensitivity of the method to a chemical state of Sb atoms,
with its value correlating with ab initio calculations of
the shifts of Sb core levels Ny 5 in submonolayer oxides
and with the known literature data concerning X-ray
photoelectron spectroscopy for Sb oxide SbhyOs.

It has been shown experimentally for the first time
that the oxides of both Sb and Si, the latter with a
stoichiometric content close to that of SiO-, are formed
on the Si(001) surface with a submonolayer Sb coverage
at the exposures to Oy greater than 10% L. This property
of Sb distinguishes it from a Bi surfactant, in the
presence of which only silicon oxides are formed, which
agrees with our previous calculations of the adsorption
energies of oxygen on the Sb/Si(001) and Bi/Si(001)
surfaces [9]. The reported data do not contradict our
previous hypothesis concerning the role of strains in
near-surface layers of Si and should be taken into
account at homo- and heteroepitaxy.
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B3AEMO/AIA MOJIEKYJIAPHOT'O KUCHIO
3 ITIOBEPXHEIO Si(001), BKPUTOIO
CYBMOHOIIAPOM CYPMUI

T.B. Aganacvesa, 1.11. Kosaav, FO.A. Jlenv, M.I". Haxoodxin
Peszmowme

MeTogaMu eTEKTPOHHUAX OXKe- Ta i0HI3aIifHOI CIIEKTPOCKOITIT eKC-
ePUMEHTAJIBHO JAOCIIXKEeHO XiMiYHMI CKJIaJ OKCHJIB, IO YTBO-
proforscs Ha mosepxHi Si(001), 3 monepenubo azcopboBarmm Cy0-
MOHOIIIAPOM CYPMH, HiCIs eKCIO3HUIil ¥ MOMeKyIapHOMY KHCHi J0
108J1 (1 JI (JTleurmiop) = 10~ mm pr.cr.-c). Buepme excriepumen-
TANBHO MOKA3aHO, INO IpH ekcnosumiax y Os, 6impmmux 3a 1061,
HA TAKUX [IOBEPXHSIX YTBOPIOIOTHCS SIK OKCHIHM CyPMH, TaK i OK-
CHAA KPEMHIIO, 33 CTEXiOMETPUIHHUM CKJIAIOM Ou3bKi 70 SiOa.
s BracTusicTs cypmu Bimpismsie i Bix BicmytTy, y mpucyTHOCTi
SIKOT'O YTBOPIOIOTHCS JIUIIE OKCHAM KPEMHIIO, IO Y3TOIKYETHCS 3
HAIIUMH IOIEepeTHIME PO3paxyHKaAMH eHepriit aacopbiiil KHCHIO Ha
nosepxusx Sb/Si(001) ra Bi/Si(001). ITomixk npuans HeobxigHoCTI
MOMITHO GiTBIIMX €KCIIO3UIiN JJI yTBOPEHHS OKCHJIB KPEMHIIO B
cucremi Sb/Si(001), mix y cucremi Bi/Si(001), moxyTs GyTu cyT-
TE€BO MEHII HAIIPYKEHHS Ta [IePEeHeCeHHs 3apsaay MiXK cypdakTaH-
TOM Ta, IiJKJAJKO0, 10 CIIOCTEPIraEThCs B mapax Si npu aacopo-
il Sb. [IpoBegeHe KBAHTOBO-XiMidUHE MOJETIOBAHHS OKCHIHUX (ha3
Sb y cyOMOHOmIApPOBUX MOKPUTTSAX HA KPeMHil [MOKa3aJio, M0 Be-
JMYMHE XiMivEEX 3cyBiB Ny 5 piBHIB CypMmu mponopuiiini 3minam
edeKTHBHOIO 3apsay Ha aroMax Sb.
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