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The composition, crystalline, and electronic structure of the Si(111) surface bombarded with low-energy Ar*
and Ba™ ions at various doses were studied using scanning electron microscopy, Auger electron spectroscopy,
and photoelectron spectroscopy. The following cases will be analyzed: 1) The influence of formation of various
chemical bonds on the appearance of new peaks in the photoelectron spectrum. 2) Influence of crystal lattice
disorder on the energy positions of the principal spectral peaks of silicon and barium silicides. The analysis
reveals that disordering of the Si(111) near-surface region causes a displacement of the main silicon peak by
approximately 0.3-0.4 eV, whereas the formation of BaSi and BaSi; phases induces a more pronounced shift in
the range of 0.4-0.5 eV. A simple theory is developed that makes it possible to explain the results on the change
in the density of state of the valence band electrons.
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1. Introduction

In recent years, there has been a significant increase in in-
terest in the fabrication and investigation of nanoscale mul-
tilayer semiconductor heterostructures and their physical
properties. These nanostructures exhibit strong potential
for the fabrication of ultra-highfrequency (UHF) transis-
tors and diodes, optical resonators, as well as electronic
and magnetic memory devices, in addition to serving as
ohmic contacts and barrier layers in nanoscale systems [1-
8]. Low-energy ion bombardment has emerged as a highly
efficient and controllable technique for the nanoscale engi-
neering and functional modification of material surfaces
and near-surface regions in a broad spectrum of material
systems [9-14]. It has been found that the band gap width
Eg in nanocrystalline phases of metal silicides, depending
on their volumes, can vary within 0.6 — 1eV.

It is well established that low-energy ion implantation in
materials involves a range of processes that induce substan-
tial modifications in both the crystal lattice and electronic
structure, ultimately leading to pronounced changes in the
physicochemical properties of the surface and near-surface
layers [9-14]. In semiconductors, these effects primarily
include the generation of structural defects and disordering
of the near-surface region, the formation of chemical bonds
between semiconductor atoms and implanted dopants, and
the emergence of new allowed electronic states within the
band gap. All these changes are mainly caused by a change
in the stoichiometric composition and phase structure of
the near-surface layer. Any alteration in the physicochem-
ical state of a material surface induced by ion implanta-
tion including the generation of vacancies and interstitials,
impurity incorporation or substitution, the emergence of
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electronically active centers, and compound formation - is
directly reflected in the experimental photoelectron spec-
tra through systematic variations in peak shape, intensity,
and binding energy, the appearance of additional spectral
features, and modifications to the overall photoelectron
energy distribution.

In this regard, theoretical and experimental studies of
the influence of various effects on the change in the elec-
tronic structure of materials of various natures have been
intensively carried out in recent years [15-25]. In particular,
the density of states of valence electrons for Si samples is
studied and theoretically founded using the Green'’s func-
tion in [15]. The distribution of electron state densities
within the band gap of microcrystalline hydrogenated sili-
con films ( pic — Si : H ) with varying levels of boron doping
was investigated using photomodulation spectroscopy [22].
The analysis provided the distribution of electron state den-
sities in both the upper and lower regions of the band gap
of uc —Si: H.

The electronic energy structure of boron nitride in spha-
lerite (c-BN) and wurtzite (w-BN) crystal lattices was com-
puted using the local coherent potential method combined
with the cluster variant of the MT approximation, within
the formalism of multiple scattering theory [23]. Using
local density functional theory, the authors of [26] com-
puted the self-consistent valence electron densities for CaO
crystals with a rock salt lattice, CaF, with a fluorite lat-
tice, KoO with an antifluorite lattice, and their respective
constituent sublattices. The results demonstrated that, for
crystals possessing distinct Bravais sublattices, the anion
sublattice forms a covalently bonded framework into which
the metal sublattice is embedded.

The valence-band density of states of an n -GaAs layer
formed on an n -GaAs surface via Ar"ion irradiation at
E; = 2500eV was investigated using photoelectron spec-
troscopy [27]. Several distinct features were observed near
the valence-band edge within the binding energy range
Ey < 1.2eV. The number and positions of these features
are in agreement with theoretically predicted quantum con-
finement levels for a hole quantum well at the surface,
with a width comparable to the ion penetration depth (
Rp =~ 3.6nm ). Additionally, electronic transitions from
these confined states to the conduction-band minimum
were detected in the characteristic energy-loss spectra of
electrons reflected from the surface. Together, these re-
sults provide strong evidence that Ar*ion irradiation in-
duces the formation of a surface quantum well in n -GaAs.
Furthermore, the authors of [28] performed density func-
tional theory (DFT) calculations of the band structure and
density of states for the diluted magnetic semiconductor

Gaj—xMnyAs.

Computer modeling was used to study, analyze, and ob-
tain new data on the scattering of low-energy ions by a pure
InGaP (001) < 110 > multicomponent single crystal under
incident ion bombardment in [29, 30]. Effective original
algorithms and computer codes for the abovementioned
ion-impact processes were developed and created.

We have previously [31-33] experimentally studied the
effects of ion bombardment on the electronic structure of
Si, Ge and CaF,. It has been established that, in all cases,
disordering of surface layers and the formation of new
compounds result in pronounced changes in the structure
of photoelectron energy distribution curves.

Consequently, the effects of low-energy ion bombard-
ment on the composition, structure, and properties of var-
ious semiconductors have been extensively investigated
[31-33]. However, these studies have not specifically iso-
lated the influence of surface layer disordering and new
compound formation on the valence electron density of
states in Si, or in other singlecrystal materials, under ion
irradiation. Moreover, there remains a lack of reliable the-
oretical interpretation linking the observed modifications
in experimental photoelectron spectra to underlying elec-
tronic structure changes. In the present study, for the first
time, the impact of surface layer disordering and chemical
bond formation on the valence electron density of states of
silicon during Ba™ion implantation has been experimen-
tally investigated, and the obtained results are supported
by theoretical calculations.

2. Experimental methodology

The object of the research is a single-crystal Si(111) of p-
type. Disordering of the Si(111) surface was induced by
Ar"ion bombardment at an energy of Ey = 1keV, with the
ion dose varied over the range of 5 x 10'3 to 8 x 101 cm 2.
The Artbombardment is carried out perpendicular to the
surface. Barium titanate ( BaTi ) tablets are used as a source
of barium ions. After heating at T = 1100 K, Ba atoms
(vapors) evaporate from the tablet surface and fall on the
surface of the hot tungsten spiral, forming Ba™ions that are
directed perpendicularly to the Si surface. The Ba™ion cur-
rentis 0.1y A, and the beam diameter is ~ 2 mm (current
density j = 2-10'3 ion /cm? ). The method of ultraviolet
photoelectron spectroscopy (UPES) was employed to inves-
tigate the changes in the density of valence electron states
of 5i(111) under ion bombardment. The UPES are recorded
using gas discharge lamps (in particular, hydrogen lamps).
The surface composition of the studied samples is con-
trolled by Auger electron spectroscopy. The spectra are
recorded on a 4-grid analyzer with a retarding field. The
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analyzer resolution is ~ 0.1 — 0.2%. Ion bombardment and
all subsequent measurements were conducted within the
same experimental setup at room temperature, under a
high vacuum of at least 107 Pa [34].

3. Result discussions

1. Influence of near-surface layer disordering on the valence
electron spectrum of Si(111).

The studies were conducted on Si (111) samples after the
surface was cleaned using a standard technique: annealing
at T = 1200 K for 10 hours, followed by short annealing at
T = 1500 K were performed until the total concentration
of carbon and oxygen decreased to 0.5 — 1at.%.

During this process, no features characteristic of C and
O were detected in the Auger-electron spectra. Si (111)
samples were bombarded with Artions at E, = 1keV,
with the dose varying from 0 to 6 x 10'® cm~2. The energy
distribution curves of photoelectrons is shown in Fig. 1.

The changes in the position and profile of the main Si A
peak were analyzed. Within the ion dose range of D = 0 to
1015 cm—2, the peak shifts toward higher binding energies,
accompanied by slight broadening. Further increases in
the ion dose do not induce significant alterations in the
energy distribution curves (EDC). Because Ar'ions do not
alter the surface composition, the observed modifications
in the energy distribution curves (EDC) can be ascribed to
disordering within the ion-implanted near-surface layers.
Apparently, at a dose of 6 x 1015 cm~2, the near-surface
layers become completely amorphized, and an "amorphous
halo" is observed in the high-energy electron diffraction
(HEED) pattern (inset of Fig. 1).

Fig. 2 shows the dependence of the shift of peak A on
the dose of ArTions. It can be seen that the maximum shift
AE is approximately 0.4 — 0.45eV.

We will attempt to explain these experimental results
from a theoretical perspective. The main factor in implan-
tation, as well as doping, affecting the energy spectrum
of the single crystal is its disordering. In both cases, the
amorphization of the material can be mathematically de-
scribed by introducing a random field acting on the valence
electrons

The electron Green’s function G (k, k') satisfies the
Schrodinger equation:

G = Go(k)dr + Go (k) Y Viw G D

where Vi is a random potential describing the field
variation caused by the amorphization of the material,
S(x—x')=9¢ <J? - 7) dg¢ - K is the quasi-momentum de-
scribing the valence band of Si(111) before ion bombard-
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Fig. 1. Photoelectron spectra of Si(111) samples implanted
with Artions at an energy of 1 keV for varying ion doses
(D,em™2) : 1) 0,2)2 x 101, 3) 6 x 1015, 4) 6 x 106,
measured at hv = 10.8eV. The inset shows the high-energy
electron diffraction (HEED) patterns of clean Si(111)
surfaces and of Si following Ar"ion bombardment at
Eg = 1keV with a dose of 6 x 10'% cm~2, illustrating the
structural modifications induced by ion implantation.
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Fig. 2. Dependence of the shift of peak A on the dose of
ArTions for Si(111) bombarded with ArTions at
E, = 1keV.

ment, and K’ - describes the band of Si after ion bombard-
ment. J - is the Dirac delta function expressing the energy
conservation law during photon absorption.

Equation (1) describes the random distribution of impu-
rities. Averaging the equation, we obtain:

(G) = Gl = Go(k) + Go(k) MGl @

Equation (2) defines the Green’s function for the valence
band of silicon, where My denotes the mass operator, cor-
responding to the averaged effective complex potential
experienced by an electron due to randomly distributed
atoms. The real part of My, accounts for the shift of the
peak maximum in the density of states, while the imaginary
part describes the peak broadening.

The peak shifts associated with disordering are propor-
tional to the average value of the square modulus of the
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random potential | Vi[>

dk" < ‘ ka} >

N/ (27)3 e — egn ®)

where N - is the defect concentration. In this case, the
energy of the valence band electrons can be written as:

€ = &+ My @)

where ¢ and ¢}, are the energies of the valence electron
of Si(111) before and after amorphization, respectively.

Estimates show that the shift of the peak position in-
creases linearly up to a dose of about ~ 10 cm~2 while
for D > 10'® cm~?2 the dependence of My on D becomes
very weak. Theoretical calculations indicate that the maxi-
mum value of My, the peak shift is approximately ~ 0.4eV,
which is in good agreement with relevant experimental re-
sults.

2. Change in the density of states of valence electrons of
silicon during the formation of silicides.

Fig. 3 shows the energy distribution curves (EDC) of
photoelectrons for p-type Si (111) implanted with Ba*ions
at different doses at Ejg = 0.5keV.

It is evident that with increasing irradiation dose D, a
shift of the low-energy edge of the spectrum toward lower
binding energies is observed, and the high-energy edge (be-
ginning) of the spectrum first (up to a dose of 6 x 10™* cm—2
) shifts toward Ej, = 0, and then (at D > 10! cm~2 ) shifts
toward higher binding energies. A noticeable change in the
EDC occurs at D > 2 x 101° cm—2

The change in the structure of the photoelectron
EDC is considered based on the change in the posi-
tion and intensity of the main peak A of silicon. At
low doses (D < 5 x 101 cm~2), the concentration of im-
planted atoms in the near-surface region is very small
(2 — 3 at. %), therefore changes in the electronic struc-
ture of the semiconductor surface are mainly associated
Already at
D = 6 x 10 cm~2, the surface layers of Si are signif-

with disturbances in the crystal structure.

icantly disordered and the position of peak A shifts by
~ 0.2 — 0.3eV towards Ey. A new peak B appears near
the peak A , which is characteristic of Ba 4 Si compounds
at this dose. At D = 2 x 10! cm~2 peak A completely
disappears, i.e. complete disordering of the near-surface
layers of Si occurs.

The intensity of peak B rapidly increases, and its posi-
tion shifts toward Ey by ~ 0.4 — 0.5 eV with increasing ion
dose. At6 x 1016 cm—2, the Ba concentration on the surface
layers increases to 40 — 50 at. %. ~ 80 — 90% of them form
a chemical bond with Si atoms of the BaSi and BaSi, type

7 N(E),
70\ rel.unit

Ba"— Si<111> /
E,=0.5 keV 7
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Fig. 3. EDC of photoelectrons for Si (111) implanted with
Bations with Ey = 0.5keV at D,
—2:1)0;2) 10'4;3) 6 x 10'4; 4) 2 x 10'%; 5) 8 x
10%5; 6) 6 x 10°.

[35, 36]. As shown by the experimental data presented in
[35, 36], two phases of barium silicides are realized (prove
to be stable): BaSi and BaSi,. In both cases, the number of
nearest neighbors of barium atoms can be greater than in
the case of stoichiometric barium silicide associated with
its maximum valence.

The state of an electron in a silicon single crystal is de-
scribed in the Bloch representation by the Green'’s function
G(W, K), where K is the electron’s quasi-momentum in the
extended band scheme [37]. In the approximation of in-
dependent electrons (the Harty-Fock selfconsistent field
approximation), the Green’s function is determined by a
simple pole expression:

1
(W—SK+i0)

where ¢k is the electron energy spectrum, determined

Go(W,K) = ©)

by solving the Schrédinger equation for an electron in the
crystal field of the silicon lattice [38].

When barium ions are implanted into silicon and sub-
jected to subsequent laser or thermal annealing, a new crys-
talline structure corresponding to the BaySim compound is
formed. It is important that the chemical bond between bar-
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ium and silicon atoms is largely ionic in nature and is car-
ried out by transferring part of the electron charge from the
barium atom to the silicon atoms that are its closest neigh-
bors. Although the latter is principally unimportant for
the results obtained below, it simplifies the consideration
and allows us to neglect the change in the crystal structure
in the former approximation and consider that the barium
atoms are sources of electrons that pass to the silicon atoms.
The change in the crystal structure that occurs during the
formation of the compound can, of course, be taken into
account by moving to a new Bloch representation that di-
agonalizes the crystal lattice potential corresponding to the
compound formed.

To describe the chemical bond between barium and sili-
con atoms, it is sufficient to consider two zones numbered
by quasi-momenta k and k’, where k describes the valence
zone of silicon, and k’ describes the zone corresponding to
the valence electrons of barium. The interaction of these
zones is described by the matrix element Vi, correspond-
ing to the probability amplitude of electron transfer from
the barium atom to the silicon atom, proportional to the
overlap integral of the function.

The state of an electron in the two-band approximation
is described by the matrix Green’s function Gy, satisfying
the Schrodinger integral equation:

Giwr = Go(k)dre + Go (k) ; Vi G, (6)
where k takes two values k and k/, corresponding to
the bands under consideration. The matrix elements Vg
and Gy can be interpreted as the contribution of the self-
consistent field caused by the change in the number of
electrons on the Si and Ba atoms, which occurs as a result
of the electron transfer. In other words, the diagonal ma-
trix elements Vi and Gy describe the "charging" of the
silicon and barium atoms, respectively, and determine the
degree of ionicity of the resulting compound. It is conve-
nient to include them in the band energies ¢, and ¢, i.e. to
go from g to gx + Vi and from €y to e + V. In what
follows, we redesignate ¢, and e, and do not write out the
diagonal matrix elements explicitly.

The transition to new values ¢; and ¢ allows us to
describe changes in the position of the displacement of any
state of the electron of the valence band, i.e. by changing
K we obtain the entire energy spectrum of the valence
band, which in turn is displayed on the curve of the energy
distribution of the UPES. Further, we focus our attention
on the main peaks of the density of states of silicon and
barium silicide for certainty.

We are interested in the matrix element of the Green’s

function Ggg, which determines the state of the electron
in the valence band of silicon. The expression for this ma-
trix element can be most easily obtained by using the di-
agram technique [39, 40]. We denote Gy by a line with a
thick (bold) arrow <—, the matrix element of the potential
Vi = Vi is denoted by a dotted line, and the free Green's
function Gy(k) is represented by a line with a simple ar-
row <. As a result, the Green’s function Gy is expressed
by an infinite series of diagrams representing a geometric
progression:

K K’ K’ K’
@)
Summing up this progression, we get

— 1

P ®)
(k)1—k «
Using expressions (8), we find:
W — ey

Gre = K ©

(W=8&)-(W=&))

— ’ 2
, Where &, = E §€k’ — (Sk > i ) + \ka/|2 (10)

2
= ek—gsk/ + <£k ; 8k/> + [ Vi (11)

The new value of the energy ¢/, found as a result of
solving equation (6), takes into account the change in the
energy spectrum of the electrons of the valence band of
silicon. According to [40], the degree of covalence of the
resulting bond is determined by the expression:

ae = Vide (12)

\/(@)zﬂvkw\z

and the degree of ionicity of the bond

amg = Exr — €k (13)

2
—€& 2
v (EF2) 4 veel

The degree of covalence of the bond ¢ is proportional
to Vi - the probability amplitude of the electron transition
from the barium atom to the silicon atom, and the degree

of ionicity of the bond ayy is proportional to the energy
difference ¢ — ¢ and contains the contribution Vg —
Vi, which describes the self-consistent field of electrons.

The density of electron states of the valence band of
silicon:
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pv(e) =) 0 (e—&) (14)

where e is given by formula (10).

The shift of the peak of the density of states of the BaSi
compound relative to the corresponding peak of the density
of states of silicon is determined by the difference e — &.
Considering the matrix elements Vggs, to be small com-
pared to |, — €| and expanding formula (10) in a series,
limiting ourselves to its first two terms, and taking into
account the matrix elements Vs, we find that the shift of
the peak due to the formation of a chemical bond is

2
AE = Vi — ('Vk"|> (15)

lex — ex|

The first term in (15) is positive, it takes into account
the Coulomb repulsion of electrons on the silicon atom and
leads to an increase in the electron energy, i.e. to a decrease
in the electron binding energy. This term is related to the
ionicity of the compound and prevails over the second
term, which determines the covalency of the bond.

The value of Vg can be estimated using the formula

17e*
ka/ ~ E / mén(x)dx (16)

where €2/ |x| is the energy of the Coulomb interaction of
electrons, dr7(%) is the distribution of electrons transferred
from the Ba atom to the Si atom, ¢ is the dielectric constant
of the crystal. Integration in (16) is carried out over the
volume of the Si atom. Thus, we find

&2

Vi ~ -on (17)
where a is the radius of the atom, Jyy is the average
value of the additional charge coming to one silicon atom (
e2/a ~ 13.6eV ). The calculated value of Vgg is 0.8 + 1€V,
which is consistent with the magnitude of the observed
peak shift. The overlap integral Vgg: can be estimated
similarly, however, the second term in (15) containing it

makes a small contribution.

4. conclusion:

1. For Ba™ion irradiation, the observed modifications in
the valence electron spectrum are attributed to both
amorphization of the ion-implanted layers and the for-
mation of Ba — Si compounds. In contrast, the effects
of Ar*ion bombardment on the extent of surface disor-
der in silicon single crystals and on the valence-band
density of states have been systematically investigated
experimentally and supported by theoretical analysis.
The observed energy shift is approximately 0.4 eV .

2. It has been established that bombardment with
Ba'ions leads to changes in the density of states of
Si(111) valence electrons, caused by both the disorder-
ing of the near-surface layer and the variation in the
composition of the ion-implanted layers.

3. Theoretical and experimental estimates have been
made separately for the effects of surface amorphiza-
tion and Ba silicide formation on the changes in the
valence electron density of states.
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