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1. Introduction

Currently, the Auger electron spectroscopy (AES) is
one of the most informative methods of thin-film structure
investigations [1]. Thus, for example, AES may be used
to get the information about thin film growth mechanisms
within the thickness | range from ~ 107! to 10%A.
Classification of such mechanisms is usually limited to three
main cases: @) island growth beginning from minor coatings
(Vollmer—Weber mechanism, VW), b) layer-by-layer or
two-dimensional growth (Frank—van der Merve mechanism,
FM) and c) layer-by-layer growth alternated with island
growth (Stranski—Krastanov mechanism, SK) [1,2]. Film
structures, where the VW and SK mechanisms are im-
plemented, may include epitaxial ,film A3zBs — silicon
substrate” type systems [3] and Ge—Si [4], respectively.
The layer-by-layer growth mode, in turn, is observed, in
particular, for such metal-film systems as Pb—Ag(111) [3],
Na—W(100) [6] and Pd—W(110) [7].

Despite the convenience of the classification shown
above, it does not always adequately describe the thin
film growth mechanism. A rare-earth metal (REM) —
silicon film structure class is one of such cases [8,9].
The study of these systems is currently very important
mainly because they can form compound, in particular,
REM disilicides that have interesting physical and chemical
properties [10-19]. It has been shown before [8] that mixing
or, basically, substrate atom diffusion into the growing
film may occur at the REM—Si interfaces even at room
temperature. Mixing results in formation of a transition
layer formed by the metal and semiconductor atoms, and the
silicon crystal and metal film interface is transformed rom
a chemically abrupt to diffusion one. In the experimental
investigations [20-28], formation of a transition layer in the
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REM-—silicon structures was followed by a typical feature
in the form of an ,shoulder on the substrate Auger signal
intensity | vs. the amount of evaporated material (for
details see Section 3 and 4). Until now, interpretation
of similar dependences has been carried out qualitatively
only, because not quantitative analysis model was reported.
Therefore, extremely little reliable information regarding the
structure and mechanism of REM—Si interfacing at room
temperature has been published. Moreover, transition layer
thickness and stoichiometric composition as well as the
way hoe these properties depend on the population of
4f-shell of REM atoms are not understood. Apparently,
such information is important for understanding silicide
formation mechanisms in REM—silicon structures.

An attempt to remove the gaps mentioned above has been
made herein. a model is offered herein to allow qualitative
description of AES findings for REM —silicon film structures
with diffusion interfaces at room temperature. This model
has been tested for three systems: Yb—Si(111) [23],
Sm—Si(111) [26] and Gd—Si(111) [21]. The addressed
model may be also used or other film structures, where
the substrate atoms diffuse into the growing film.

2. Model

The model is based on the research findings [8,29].
According to [29], the deposited metal film is grown layer-
by-layer in Yb—Si(111) structures at room temperature
and the mixing rate depends on the experiment conditions.
According to [8], to start such mixing, the REM film shall
reach the critical thickness lo. According to these findings,
formations of REM—Si interface shall be assumed to take
place in three stages. At the first stage, at thicknesses
| <1y (Figure 1,a), the film grows layer-by-layer and the
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Figure 1. Three REM-silicon interface formation stages.
Numbers denote: / — silicon substrate, 2 — transition layer, 3 —
metallic film.

substrate atoms are not diffused in it. At these | values,
the interface is chemically sharp and no transition layer is
available. with increasing film thickness and when | = |y is
achieved, the substrate atoms start diffusing into it resulting
in qualitative change in the interface properties: a transition
layer is formed by the deposited metal and silicon (second
stage) atoms. Due to the limited mobility of Si atoms in
the REM film at room temperature [8], the transition layer
thickness is finite and pure metal starts growing (third stage)
on the surface at | = Iy, Last two film structure growing
stages, i.e. lop <| < Iy and | > Iy, cases, are schematically
shown in Figure 1, and 1, c, respectively.

Define the expression for substrate atom Auger signal |
vs. the thickness | of the growing film for the structures
shown in Figure 1. For convenience, the influence of the
silicon atoms diffused into the film (impurity atoms) over
the total film thickness and free electron transit length A
will not be considered initially. This approach is apparently
true, if the concentration of such atoms is much lower than
that of the metal atoms in one film monolayer (ML). In this
case, | (1) is written as follows:

I
loexp| — , I <o,
(1) = 0 ( l~cos19) 0 (1)

I
IOeXp<_l-cosﬁ>+l/(l)’ |Z|0,

where | is the Auger signal of the substrate before metal
film deposition, |’ is the Auger signal from the impurity
atoms in the film and ¢ is the Auger electron collection
angle counted from the normal to surface. To find the
expression for 1’(l), consider the silicon impurity atom
distribution in the metal film. For this, use the second Fick’s
equation for one-dimensional case in stationary conditions

d®N(z)
dzz2 7

where N is the Si atom concentration in the film and
z is the coordinate along the normal to surface. To solve
this equation, proceed from the continuous quantity N(z)
to discrete quantity N(i) (i is the serial number of the
metal film layer counted from the substrate interface) and
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substitute the following boundary conditions: N(i) = Ny at
i=1and N(i)=0 at i =l Then we get the following
expression
. No . Nl .

N(i) = ——— i+ —2™ = Nof(i), (2)
|m - 1
where f (i) is the function of silicon impurity distribution in
the film. Due to the physical restrictions, it is defined by the
expression

1 . I
— i+ — i<ln
f(i) Im—1 Im—1 (3)
0, i >m
Express Ny in terms of atom concentration Ny
in one ML of the silicon substrate (for Si(111),

NpL = 7.84 - 10 cm™2) as follows:
No = ¥NmL, (4)

where y is the constant coefficient defined by the interface
reactivity (mixing parameter). Then, considering (3)
and (4), the Auger signal rate from the impurity atoms in
the i-th layer of the metal film may be written as

|i/=Vf(i)|MLeXp(—/1|.c_O;l9)’ (5)

where Iy is the Auger signal strength from 1ML silicon
atoms (top atomic layer of the pure substrate). To find |y,
expand |y (may be measured directly in the experiment)
into Taylor’s series:

s
Ascos v

—ZIMLexp(

lo = |ML+|MLeXp<_

(i—1)-ds
Ascos?d /)
(6)
where ds is the thickness of one substrate atom monolayer

and As is the free Auger electron transit length in the
substrate. From expression (6) we get

IML:I()(l—exp(—lS'dﬁ)). (7)

Now determine I(l) for film thickness I. It is equal to

| [ :
_;H_;yf(i)lMLeXp<_/1i;);l‘}). (8)

Substituting (8) into (1), find the expression for the
substrate Auger signal rate | as function of the film

thickness |:
|
| - )
oexp( A cosﬁ)

| (9)
IOeXp(_A . cosz‘/‘)
! . | —i
+;Vf(|)|MLeXp<_m), I > 1.

2ds
+|M|_exp< A cosﬁ)

|<|0,
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As mentioned above, expression (9) is applicable when
condition y < 1 is satisfied. @ A more universal case,
when the mixing parameter has an arbitrary value, will be
discussed below. Dissolution of silicon atoms in the metal
film (at | > ly) will be apparently followed by the increase
in the actual film thickness, which, in turn, shall result in
the change of substrate screening conditions by the growing
film. And the actual film thickness |’ may be written as

| |
I"=1+4 pfi)ds=> di), (10)
i=1 i=1

where d(i) =d + pf(i)ds is the effective thickness of the
i-th layer of such film.

In addition to the actual film thickness increase, substrate
atom dissolution in it shall result in change of the free
electron transit length, because the electrons will be
exposed to inelastic interactions not only with the metal
atoms, but also with the impurity Si atoms. Assume that the
free transit length A’ in such film depends on the distribution
function f (i). Then it can be written as

iy 1 yf(i)
U wa R e R (11)

Thus, considering (10) and (11), expression (9) can be
rewritten in general terms

Ioexp(—l.closﬁ)’
|ojﬁ[1exp(—%)

+i§yf(i)lMLj_]ill+lexp(—/V(?)(%), I > 1.
(12)

|<|0,

3. Influence of the transition layer
properties on the form of | (I)

Expression (12) allows to analyze how the transition layer
parameters |lg, Im and p affect the form of 1(l) for typical
REM-Si(111) structures. The analysis results are shown in
Figure 2. In this figure, the film thickness region is limited
by 0—10ML, because most significant changes of the
interface properties occur in this range during film structure
formation process. Dashed lines show I(I) calculated for
y = 0 (without mixing). Tis case corresponds to the layer-
by-layer film growth mode by the FM mechanism. The
family of dependences shown by solid lines in Figure 2,a
has been calculated at fixed o = 1ML and |, =8ML,
ie. at permanent transition layer thickness and various
mixing coefficients (y = 0.3, 0.6, 0.9 and 1.2). It can be
seen that the substrate atom diffusion into the metal film
restrains the decrease of | with growing coating and results
in occurrence of a feature in the form of an ,shoulder
on I(l), as mentioned above in Section 1. The intensity

of this feature steadily increases with growing number of
impurity atoms in the film. For quantitative assessment, the
detail shows differential dependences Al(l) calculated by
subtraction of I(I) at » =0 from similar curves at y > 0.
It can be seen that Al quickly grows beginning from the
smallest coatings and achieves its peak at | = 4—5ML, and
then quickly decreases, but does not become equal to zero
even at 10 ML.

When the transition layer thickness becomes half as
much, ie. at l[g= 1ML and |, =4ML, the results are
qualitatively similar (Figure 2,b). The main difference is
in that the ,shoulder* on I(I) becomes less pronounced,
and the peak on Al () moves to the smaller coating region
(~3ML).

With increasing |y, the ,shoulder on I(l) is of more
abrupt (threshold) nature (Figure 2,¢). This figure shows
the findings obtained at lp =2ML, |, = 8 ML and vary-
ing y. As can be seen, with intense diffusion of substrate
atoms into the film (at y = 1.2) on I(I), even a small peak
can be observed at | = 2.

Finally, with varying |, corresponding to the transition
layer thickness increase or decrease, the center of gravity
of the ,,shoulder moves to the thicker or thinner coating
region, respectively. Figure 2, d shows the data obtained at
lo =1ML,y = 0.6 and varying |, = 3, 6,9, 12 and 15 ML.
As shown in the detail, the peak on Al (I) steadily moves to
the right with growing |n,.

Thus, the model described herein allows to identify the
relation between the form of | (I), on the one hand, and the
structure and composition of the transition layer of diffusion
interfaces, on the other hand.

4. Quantitative analysis of REM
(Yb, Sm, Gd)—Si(111) film structures

In this section, the offered model is used to inter-
pret the experimental findings obtained earlier for the
Yb—Si(111) [23], Sm—Si(111) [26] and Gd—Si(111) [21]
film structures. These structures have been chosen be-
cause |(l) recorded for them show more or less clearly
pronounced features in the form of the ,shoulder”similar
to those described in Section 3. Such dependences were
simulated herein using expression (12). For the calculation,
the thickness d of one ML of ytterbium, samarium and
gadolinium was assumed equal to their atom diameters
(3.86, 3.62 and 3.58 A respectively [30]). The free electron
transit length A in these REM films (the experiments
recorded the Auger peak of Si LVV with 92¢V) is equal
to 3.77ML [31], which corresponds to 14.55, 13.65 and
13.50 A. Thickness ds of one ML of Si atoms was equal
to 1.57A. Finally, the free electron transit length As in
silicon was assumed equal to 5.07A [32]. Figure 3—5
shows the simulation of I(l). The experimental data is
shown by squares. Design dependences are shown by
solid lines and solid circles. These dependences were
improved by varying ly, Im and p. Integer values were
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Figure 2. Design relations | (I) for typical REM—Si(111) structures. Auger signal rate | is normalized to |o. Transition layer parameters:
(@) lo=1ML, In=8ML, y =0, 0.3, 0.6, 09 and 1.2ML; (b) lo = 1ML, In =4ML, y =0, 0.3, 0.6, 0.9 and 1.2ML; (c) lp = 2ML,
Im=8ML, y =0, 03, 06, 09 and 1.2ML; (d) =1 ML, y =0.6ML, In=1, 3, 6, 9, 12 and 15ML. The details show differential
dependences Al () determined as the difference of the Auger signals for structures, where mixing takes place, and for structures, where
mixing is absent. The thickness of the deposited film atom monolayer is equal to 3.8 A

assigned to the first two of them, and arbitrary values
were assigned to the mixing coefficient. Improvement was
performed until the best agreement between the calculation
and experiment was achieved. Parameters at which this
agreement was achieved are listed in the table. This table
also provides Nigtal = Z:":‘l yf(i) equal to the full number
of silicon atoms in the transition layer for each of the film
structures. Finally, for comparison, Figures 3—5 also show
dependences with dashed lines, which are obtained for the
case when there is no transition layer at the interface (y = 0,
FM growth mechanism).

The review of Figures 3—5 immediately suggests that
mixing at different rate takes place and a transition layer
is formed at the interface in all three REM—silicon systems.
Figure 3 and the Table show that for the Yb—Si(111)
system the critical metal film thickness, at which substrate
atom diffusion starts into the film,is within 1 < Iy < 2 ML.
Mixing is ended at |, =5ML. Taking into account the
magnitude of p (0.65) and the corresponding numerical
proportion of Si and Yb atoms (~ 3:5), it can be assumed
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Figure 3. Comparison of experimental and calculated | (I) for the
Yb—Si(111) film system. For details see the text. The experimental
data was taken from [13].
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Figure 4. Similar to Figure 3, but for the Sm—Si(111) system.

The experimental data was taken from [16].
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Figure 5. Similar to Figure 3, but for the Gd—Si(111) system.

The experimental data was taken from [11].

Transition layer parameters for REM—Si(111) film structures.
(The values are expressed in ML. For the Sm—Si(111) structure,
averaged Nl is given for Im = 8 and 9 ML)

Structure lo Im % Ntotal

Yb—Si(111) 1-2 5 065 16
Sm—Si(111) 1 8—9 0.75 32
Gd—Si(111) 1 11 10 55

that ytterbium-enriched YbsSi3 is formed on the interface of
the transition layer and silicon substrate. Such compound
has the MnsSi3 type structure and is stable at room
temperature [33].

In the Sm—Si(111) (Figure 4) and Gd-Si(111) (Figu-
re 5) systems, the critical coating within the model is
lo = 1ML, and mixing likely starts at lower numbers of
REM atoms on the surface. Mixing ends at |, = 8—9ML
and 11 ML, respectively. Thus, the transition layer duration
for the three studied interfaces increases in the row
Yb — Sm — Gd, which fully agrees with the representations
of chemical activity of the listed adsorbates: gadolinium is
the most active of them, and ytterbium is the least active.

Similar correlation is also traced when compa-
ring y for the three listed interfaces. As shown
in the Table, it is steadily growing in the ytter-
bium — samarium — gadolinium row and is equal to 0.65,
0.75 and 1.0, respectively. This may suggest that stable
SmsSis and GdSi [9] compounds may be formed at the sili-
con substrate interface in the Sm—Si(111) and Gd—Si(111)
systems. For visual comparison of the three interface,
Figure 6 shows diagrams illustrating the interface structures
and stoichiometric composition.

Finally, correlation of Nigta (Table) and thermodynamic
properties of the deposited REM should be noted. In
Figure 7, the vertical axis contains Nt values obtained for
the Yb—Si(111), Sm—Si(111) and Gd—Si(111) structures
herein, and two horizontal axes contain the sublimation
heat (upper axis) and melting heat (lower axis) values for
ytterbium, samarium and gadolinium listed in [34]. A set of
important conclusions may be made from Figure 7. First,

Yb-Si(111)

Figure 6. REM (Yb, Sm, Gd)—Si(111) interface models. Numbers denote: / — silicon substrate, 2 — transition layer, 3 — metal film.

Sm-Si(111)

Gd-Si(111)
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Figure 7. Dependences of Niga for the REM (Yb, Sm,

Gd)—Si(111) structures (see the Table) on the sublimation
heat(upper x axis) and melting heat (lower x axis) of ytterbium,
samarium and gadolinium. Sublimation and melting heats are
taken from [23].

the number of Si atoms in the transition layer steadily
grows with the increasing sublimation and melting heat
of the studied REM. Second, the linear nature of the
dependence of Nioar Oon melting heat is of interest. The
mixing mechanism in the REM-silicon structures has not
been studied in detail yet. Nevertheless, the findings
suggest that phase transition takes place in the growing
film at | =1y, for example, film metallization.  This
transition is followed by energy release proportional to
the REM melting heat eventually resulting in interatomic
bond breakdown in the silicon substrate and amorphization
of surface atomic layers. The latter enables the Si
atom diffusion into the metallic film and transition layer
formation.

5. Conclusion

A model that describes quantitatively concentration de-
pendences of Auger signals for film system with diffusion
interfaces is offered herein. The form of dependences of
the Auger signal of the substrate on the deposited film
thickness is examined as function of the critical coating lo,
transition layer thickness |, and mixing parameter p. To
verify the model, calculated and experimental data for the
Yb—Si(111), Sm—Si(111) and Gd-Si(111) film systems
were compared. This comparison gave the quantitative data
characterizing the structure and composition of the listed
systems. It is shown that the interface parameters correlate
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with the thermodynamic properties of the studied REM, in
particular, |, and y increase in the Yb — Sm — Gd row. The
obtained data may be used to make a generalized model of
the REM-silicon film structures at room temperature.
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