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Abstract—The dynamics of changes in the crystal structure and in the elemental and chemical composition
of Si surface layers implanted with Na™, Rb*, and Cs™ ions in the process of stepwise annealing under differ-
ent temperature conditions has been studied. It is shown that, on the surface implanted with Na* ions, a
NaSi, film is formed after annealing it at a temperature of 7= 900 K, a single-layer NaSi, coating is formed
at 7= 1000 K and the surface and near-surface Si layers are completely cleansed of the atoms of the alloying

element, oxygen, and carbon at 7= 1100 K.
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Molecular and solid-phase epitaxy [1—6] and the
method of low-energy (£, < 5keV) ion implantation in
combination with annealing [7—12] are widely used
when creating nanosized two- and multilayer hetero-
structures that offer necessary combinations of mate-
rials for producing base components of modern nano-,
micro-, and optoelectronics. Of these methods, only
ion implantation allows one to obtain homogeneous
continuous films with a thickness of # < 40—50 A. The
preparation of an atomically clean substrate surface
and the prerequisite of high purity of the deposited
(implanted) substances are the main requirements
for obtaining such structures. All these processes
are carried out under ultrahigh vacuum conditions
(P< 1078 Pa). In cleaning single crystals of Si, it is very
important to find a reliable way to minimize the pres-
ence of oxygen and carbon atoms on the surface. In
[13], the optimal regimes of ion-plasma and chemo-
thermal cleaning of the silicon surface were deter-
mined, which make it possible to reduce the concen-
tration of C and O to zero (within the sensitivity of the
Auger spectrometer at the level of about 0.1 at %).

Low-energy ions implanted at shallow depths cre-
ate surface defects at the early stage of epitaxial film
growth, which subsequently serve as crystal nucleation
sites. The energy of ions stimulates the chemical reac-
tion processes on the surface—in particular, the for-
mation of thin transition layers [ 14—18]. Under certain
conditions, ion bombardment promotes ion-stimu-
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lated desorption of C and O atoms and other contam-
inants from the surface. However, there are still no
reliable data on the results of studying the dynamics of
changes in the morphology, composition, and struc-
ture of ion-implanted Si upon stepwise annealing in
a wide temperature range.

This work is devoted to a study of changes in the
composition and structure of the Si(111) surface layers
implanted with alkali metal ions upon annealing under
various temperature conditions.

Single-crystal n-type Si(111) samples with a diam-
eter of 10 mm and a thickness of 0.5 mm were the sub-
jects of study. Ion implantation, heating, and all anal-
yses were carried out on the same experimental setup
under a vacuum pressure of at least P = 10~7 Pa. The
energy of ions ranged from 1 to 5 keV, and their dose
was D= 10“—10" cm~2. The ion sources were standard
chloride salts of the corresponding alkaline elements
with a purity of around 99.99 wt %. Before ion implan-
tation, the ion sources were cleaned by prolonged
heating. After cleaning the source, the concentration
of O on the Si surface did not change during the for-
mation of vapors of an alkaline element. To study the
composition and structure, A set of methods, such as
Auger electron spectroscopy (AES), high- and low-
energy electron diffraction techniques (HEED and
LEED, respectively), and secondary ion mass spec-
trometry (SIMS), were used: scanning -electron
microscope (SEM) images were obtained on a stan-
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Table 1. Dependence of parameter a of different types of
ions on their energy £,

ax 107, cm?
Ey, eV

Li* Na*t K* Rb* Cs*

500 6.0 6.8 21.3 36.5 49.0
600 5.5 6.54 20.1 38.8 50.2
700 5.6 6.8 20.2 43.2 53.1
800 6.8 8.18 26.2 44.2 54.5
900 8.9 9.8 30.1 43.8 57.6
1000 9.0 10.36 34.1 52.6 62.5
1100 7.08 9.27 35.6 53.5 62.0
1600 6.95 9.37 33.1 - 61.5

The dash sign indicates that there is no available measurement
result.

dard ISM-6490 facility with a resolution of 5—6 nm,
and HEED patterns were obtained on an EMR-2
device. The formation of a chemical bond between the
atoms of the matrix and the implanted element was
assessed by the change in the shape and position of the
XVV Auger peaks, and the concentration of Si atoms,
impurities and alloying elements was assessed by the
change in the intensity of high-energy peaks. The
atomic distribution depth profiles were determined by
the AES method in combination with layer-by-layer
etching with argon ions. For comparison, the struc-
ture of a Si surface with a single-layer MeSi, coating
obtained by depositing Me on Si and subsequent
annealing was investigated. After the formation of a
single-layer MeSi, coating, work function e@ of the Si
surface decreases to a minimum value. The work func-
tion of the surface was monitored using the contact
potential difference method. The experimental tech-
nique is described in detail in [15].

During ion implantation, the surface layer
becomes disordered and the atoms of the alloying ele-
ment are introduced. The degree of surface disorder-
ing can be determined with high accuracy from LEED
patterns. The change in the diffraction intensity will be
determined from the combination of two effects: dis-
turbance of the atomic arrangement and a change in
the surface composition. To take into account the total
effect, it is convenient to monitor the change in the
surface defectiveness as a function of the ratio of the
diffraction reflection intensities and the elastic back-
ground [15]. The reflection current and the back-
ground current are measured quantities that are pro-
portional to the first powers of the areas occupied by
the order and disorder, respectively. Therefore, the
dependence of the ratio of the reflection current (/,) to
the background current (/,) on the radiation dose has
the following form, according to [15]:

1./1, = 1,y/1)exp(-aD),
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where 14/1,, the ratio of the reflection current to the
background current before irradiation, a is the average
area of disorder per one ion, and D is the radiation
dose. Table 1 shows the experimental a values for dif-
ferent types of ions, which depend on their energy £;,.
It can be seen that the value of a varies nonmonotoni-
cally as a function of the ion energy (with a maximum
at around 1000 eV and with a minimum at 650—
700 eV). With an increase in the ion mass, the a value
increases. At the same time, the a values measured
from the degradation of merely the diffraction inten-
sity can be compared, which were higher by more than
1.5 orders of magnitude.

Figure 1 shows the Auger spectra in the energy
range of £ = 85—100 eV (the L, V'V Auger line of sili-
con) for pure Si and for Si samples implanted with
Na' ions with E,= 1 keV at D = 6 x 10'° cm~2 before
and after annealing at 7= 900 K for 30 min. As can be
seen from Fig. 1, the intensity of the Si peak decreases
sharply after ion implantation and new peaks charac-
teristic of NaSi (£ = 96—97 eV) and NaSi, (£ = 94—
95 eV) appear. After annealing at 7= 900 K, the peaks
corresponding to NaSi and Si disappear, while the
peak of NaSi, increases to a maximum.

Figure 2 shows the dependences of the intensities
of the Auger peaks of O (506 eV) and Na (992 eV) on
depth d for well-purified Si(111) and for the same
material after implantation with Na* ions with an
energy of £, = 1keVat D= D,,,= 8 x 10'® cm~2, where
D, is the saturation dose. The calculations performed
on the basis of analyzing the Auger spectra showed
that the concentration of O on the surface of pure Si is
1.5 at %. With an increase in d, the concentration of O
decreases monotonically and barely changes starting
from d = 80—100 A, dwelling at a level of about 0.5 at %
(curve I in Fig. 2). In the case of ion-implanted Si,
oxygen atoms are practically not detected in the heav-
ily doped region (d ~ 0—35 A), but they accumulate in
the region of a sharp decrease in the sodium content
(curves 2, 3 in Fig. 2). Apparently, some part of the
oxygen atoms evaporate from the surface during ion
bombardment, while the other part diffuses deep into
the sample to the ion-doped layer—silicon interface
(curve 2 in Fig. 2). After annealing at 7= 900 K, the
surface concentration of Na is about 30—35 at % and
the surface concentration of Si is about 65—70 at %,
with all Na atoms forming a chemical bond with Si
atoms. The concentration of these atoms barely
change to a depth of 30—35 at %. Moreover, a NaSi,
film with good stoichiometry is formed in these layers.
In this case, there is no noticeable change in the distri-
bution profile of O atoms. Annealing of this system at
T = 1000 K leads to a decrease in the thickness of the
NaSi, film to a monomolecular layer, and annealing at
7= 1100 K leads to complete evaporation of Na atoms
and its compounds with silicon and oxygen from the
surface layers (within the sensitivity range of the Auger
spectrometer). The SIMS results showed that the sur-
Vol. 47
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Fig. 1. Effects of implantation with Na™ ions and subse-
quent annealing on the intensity and position of the L 3 V'V
Si Auger peak for (/) pure Si(111), (2? Si imflanted with
Na™ ions with £y= 1 keVat D=8 x 10'®cm™~2, and (3) the
sample after annealing of ion-implanted silicon at 7 =
900 K for 30 min. The Auger spectra were recorded at
a primary electron energy of £, = 2500 eV.

face and the near-surface region to a depth of 60—80 A
contain a very small amount of O in this case, the con-
centration of which does not exceed 0.1 at %, with the
estimated values of the carbon concentration in these
regions being about 0.02 at %. Just like in the case of
unimplanted Si, the oxygen concentration at d > 100—
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Fig. 2. Auger profiles of atomic depth distribution
for (1) oxygen atoms in pure Si(111), (2) oxygen atoms in
Si(111) implanted with Na' ions with Ey=1keVat D=
6 x 1010 cm_z, and (3) sodium atoms in ion-doped silicon.

150 A remains almost unchanged and rests at a level of
about 0.3—0.5 at %. Table 2 shows temperatures 7 of
formation of epitaxial MeSi, layers, thickness 4 of
these layers, temperatures 7, of formation of a mono-
molecular layer of silicide with relevant e@,,,, and
temperatures 7, required for complete cleaning of Si
samples implanted with Na*, Rb*, and Cs* ions with
energies of 0.5 and 1.0 keV at D = D,,. As can be seen
from Table 2, the thickness of the MeSi, films formed
at the same implantation energies in the case of Na®* is
much larger than in the cases of Rb* and Cs*. This is
explained by the fact that the depth of penetration of
alkaline element atoms at E, = const and the satura-
tion dose increase with a decrease in their diameter
and the temperature of formation of the silicide film

Table 2. Temperatures of formation of MeSi, silicide nanofilms, temperatures of formation of a monomolecular MeSi,

layer, and temperatures of complete cleaning of the Si surface

MeSi, nanofilm Monomolecular MeSi, layer
Ton Ey, keV D, cm™2 T.,.K
Tg, K h, A Ty, K e, eV
Nat 0.5 6 x 1016 900 3035 1000 2.1 1100
1.0 8 x 106 950 35—40 1000 2.1 1100
Rb™* 0.5 4 x 106 850 - 950 1.95 1050
1.0 6 x 106 900 25-30 1000 2.0 1100
Cs* 0.5 3 x 1010 700 - 800 1.8 900
1.0 5 x 106 700 2025 - - 900

The dash signs indicate that no measurement results are available.
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Fig. 3. (a) SEM image of the surface of the RbSi,/Si(111) film with a thickness of 35—40 A. The upper inset shows the HEED
pattern of the RbSi, film recorded with an electron beam energy of 15 keV, and the lower inset shows the LEED pattern of Si(111)
with a single-layer RbSi, coating; reflections with large diameters belong to Rb, and reflections with small diameters belong to
mismatch defects. (b) The SEM image and LEED pattern (inset) of the surface of the RbSi,/Si(111) system obtained after anneal-
ing at 7= 1100 K. The LEED patterns were obtained at Ep =54 eV.

decreases. Critical temperature 7, of surface cleaning
and the thickness of the cleaned layers depends on the
type and energy of the ions. For all alkali metal sili-
cides, the temperature of complete surface cleaning is
1100 K. Such a high degree of purification could not be
obtained by annealing unimplanted Si to 7 = 1400—
1500 K even in combination with ion etching. The
high purity of the Si surface is preserved for 10—15 min
under a vacuum of P = 1077 Pa and for 1.5-2 h in
avacuum of P = 107° Pa.

Figure 3a shows an SEM image and an HEED pat-
tern (upper inset) for the RbSi, film obtained after
annealing at 7 = 900 K on the silicon surface
implanted with Rb* ions with E; = 1 keV at a dose of
D=6 x 10" cm~2. Figure 3a also shows the LEED
pattern (lower inset) obtained after heating this system
at 7= 1000 K. As can be seen from Fig. 3a, the surface
of the RbSi, film is relatively smooth and the film grew
epitaxially (upper insert), while the Si surface with a
single-layer RbSi, coating has a 2 X 2 structure (lower
insert). The latter completely coincides with the 2 X
2 RbSi, structure obtained in our earlier study [15] by
low-temperature deposition of layers from ion beams
with a low energy (£, = 500 eV) and a low dose (D =
10° cm~2). Our further studies showed that all silicides
of alkali metals of the MeSi, type grow epitaxially;
nevertheless, their surface has different structures. For

TECHNICAL PHYSICS LETTERS

example, the surface of a single-layer LiSi, coating has
a 3 x 3 structure, while NiSi, hasa 1 X 1 structure.

Regardless of the type of silicide film, its complete
evaporation and the evaporation of oxygen and carbon
atoms are observed after annealing at 7 = 1100 K.
The Si surface becomes homogeneous and smooth
(Fig. 3b), and the 1 X 1 structure characteristic of pure
silicon is restored (Fig. 3b, inset).

Thus, the dynamics of changes in the composition
and structure of the surface layers of ion-implanted
silicon upon annealing under different temperature
conditions was studied for the first time. It is shown
that the following changes occur at different tempera-
tures: complete crystallization of ion-doped Si layers
and the formation of silicides of the MeSi, type, the
formation of a single-layer MeSi, coating, and maxi-
mum purification of the surface and near-surface Si
layers.
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