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Electrical properties of thin iron films deposited at room temperature both on clean Si(100) and prefabricated
surface phase Si(100)-c(4x12)-Al were studied by means of in situ Hall effect registration and conductance mea-
surements. It was shown that Si(100)-c(4x12)-Al surface phase blocks intermixing of iron and substrate atoms.
Conductance and mobility of the majority carriers in this surface phase is higher than that in Si(100)2x1 within
the temperature range from room temperature to 180°C. Deposition of less than 25 monolayers of iron on the
clean Si(100) resulted in significant reduction of conductance. Continuous iron film on Si(100)-c(4x12)-Al forms
at coverage approximately twice thinner compared to deposition on Si(100)2x1.
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I. INTRODUCTION

It has been shown in multiple works that upon deposi-
tion of iron on Si(100) at room temperature (RT), some
Fe—Si mixture forms at the early stage and further de-
position results in formation of randomly oriented iron
crystals [1, 2]. In production of spin-electron devices, a
difficult task is creation of a buffer layer blocking forma-
tion of silicide at the early stages of iron deposition [3]. As
well, the Fe/Si interface problem arises in growing ultra-
thin magnetic films on semiconductors [4].

Many works has been devoted to creation of a sharp
border Fe—Si; their main idea being passivation of the sil-
icon surface. In Ref. [5, 6] the authors applied modifica-
tion of silicon surface by Sb and H. In Ref. [7] a template
technique was used to prevent the formation of disordered
interfacial iron silicides. But the buffer layer itself was 1
nm-thick.

Usage of appropriate surface phases (SP) as diffusion
barrier seems very perspective since their thickness does
not exceed a few atomic layers. In Ref. [8] it was demon-
strated that the SP CrSis is a good diffusion barrier re-
ducing Fe-Si intermixing.

In this work the SP Si(100)-c(4x12)-Al is used as a
diffusion barrier. The good feature of this SP is its ther-
mal stability up to 800°C [9]. That allows not only to
grow epitaxial films at RT upon this SP but to form iron
silicides at higher temperatures.

Despite initial stages of iron film growth on the surface
Si(100)2x1 at RT has been studied in many works, the
data on electric properties of this system, for the authors’
knowledge, is absent. The results of Hall measurements of
iron film grown on Si(100)-c(4x12)-Al SP are compared to
those for the iron films grown on the clean surface Si(100).

*This paper was presented at the 8th Japan-Russia Seminar on
Semiconductor Surfaces (JRSSS-8), Tohoku University, Japan, 19-
23 October, 2008.
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II. EXPERIMENTAL

Experiments were carried out in the ultra-high vacuum
(UHV) chamber with the base vacuum of 1x10~% Torr
equipped with low energy electron diffraction (LEED) an-
alyzer, UHV 6-probe Hall measurement unit [10], subli-
mation sources of Fe and Al. 4.5 Ohm-cm p-type Si(100)
ribbons with dimensions of 15x5x0.35 mm?® were used as
substrates. Before loading into the UHV chamber, the
samples were chemically cleaned. Under UHV conditions
the samples were degassed at 600°C during 10 hours. Af-
ter cooling for 12 hours, the samples were cleaned by a
series of flashes at 1200°C. As a result of this procedure,
a bright LEED pattern corresponding to Si(100)2x1 was
observed.

Aluminum was deposited from an Al-covered tungsten
spiral heated by AC current. The Si(100)-c(4x12)-A1 sur-
face phase was obtained using evaporation of about 1 ML
of Al (a saturation coverage) onto the hot Si(100)2x 1 sur-
face (T=700-800°C). Iron (99.9%) was deposited from an
Fe-coated tungsten wire. The deposition rate was ~1 ML
/min. Both Al and Fe deposition rates were calibrated by
a quartz microbalance. Iron was deposited at small por-
tions onto the clean silicon surface or the prefabricated
SP Si(100)-c(4x12)-Al at RT. After each deposition, the
Hall voltage Uy and the longitudinal voltage U, (propor-
tional to the resistance) were measured by our original
unit [10]. The surface morphology was studied by ex-situ
atomic force microscope (AFM) Solver P47 immediately
after the samples were unloaded from the UHV chamber.
Contact and tapping modes were used.

IIT. RESULTS

The LEED patterns of the surfaces before iron deposi-
tion are given in Fig. 1. Figure 1(a) shows the two-domain
phase Si(100)2x1 formed by high temperature annealing
of the surface Si(100). Sharp spots and absence of the
background evidence good quality of the surface. The
LEED pattern presented in Fig. 1(b) was obtained from
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(a)

FIG. 1: LEED patterns from the atomically-clean surface
Si(100) (a) and SP Si(100)-c(4x12)-Al (b).

FIG. 2: A 1.2x1.2um? AFM image of the silicon sample with
SP Si(100)-c(4x12)-Al.

the Si(100)-(4x12)-Al surface just after this SP had been
formed. The spots characteristic for this SP are clearly
seen.

In order to check the morphology of the SP Si(100)-
c(4x12)-Al, special AFM study of an analogous sample
with this SP was carried out. The AFM picture of this
surface is given in Fig. 2. It is seen that the surface is
smooth (mean square roughness is about 0.14 nm) and
has not any defects visible by the AFM.

The Hall voltage Uy and longitudinal voltage U, are
plotted in Fig. 3 versus the thickness of the iron de-
posited both for the clean Si(100)2x1 surface and pre-
fabricated SP Si(100)-(4x12)-A1l. The error bars given
on the curves represent the mean square errors for the
results measured a few times at the same iron thickness.
The reason for that is as follows. In our original Hall mea-
surement unit [10] the head with 6 probes pressed to the
sample surface is used. To carry out a series of deposition-
measurement procedures, the sample has to be rotated
many times between the evaporation and measurement
positions. The results of the measurements can slightly
differ after each landing of the probes on the surface. For
this reason, for each portion of iron the cycles of 3-4 land-
ing/measurement procedure were carried out and the re-
sults averaged. It is seen that both the Uy and U, errors
for such cycles do not exceed 5% for the worst case.

It is obvious that the dependencies of the Hall voltage
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FIG. 3: Dependence of Hall voltage Un (a) and longitudinal
voltage U, (b) on iron coverage. Rhombuses and squares cor-
respond to the results measured for the Si(100)2x1 surface
and SP Si(100)-c(4x12)-A1, respectively.

on iron thickness significantly differ for the two different
surfaces (Fig. 3(a)). That indicates serious difference in
the growth process. The Hall voltage for the clean surface,
taking into account the measurement errors, is practically
constant up to dge ~ 12 ML then it slightly decreases by
~5%. From dg. ~ 20 ML some increase of Uy is seen and
at 29 ML it reaches the same value as at the beginning
of iron deposition. For the SP Si(100)-c(4x12)-Al sur-
face, Un decreases monotonically within the whole range
of iron coverage studied except two sharp negative peaks
at 2.25 ML and 5.5 ML which cannot be attributed to
measurement errors. The nature of these peaks is not
clear and they are not discussed in this work.

The values U, for the two types of samples also differ
significantly (Fig. 3(b)). For the case of clean Si(100)
increasing of U, was noticed right after deposition of the
first iron portion. The next increase by 8% occurred from
10 ML to 12 ML. After that a gradual decrease of U, for
the range from 12 ML up to 29 ML was observed. For
the Si(100)-c(4x12)-Al surface, U, is constant for dp, <
5ML, then it falls by ~25% for 5 ML < dp, < 12 ML;
upon further iron deposition up to 23 ML the decrease of
U, slows down.
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FIG. 4: Relative variations of the sample conductance versus
iron coverage for the deposition on clean Si(100)2x1. The
conductance of the Si(100)2x1 is taken for the initial level.

550 -
L 3 "y
e o? ¢
w
= . .
E
- 500 -
2 *e i
o * *
g . o
*
450 T T 1
0 10 20 30

Fe coverage, ML

FIG. 5: Dependence of the effective mobility of holes on iron
coverage for Fe/Si(100).

IV. DISCUSSIONS

The measured voltages Uy and U, are some effective
values including contributions from the bulk, the space
charge layer and surface states zone. For this reason, in-
terpretation of their behavior is a complicated problem. It
was shown in Ref. [11] that, to separate the surface-related
contributions, the distance between the probes should be
reduced down to nanoscale distance. Taking into account
the distance between measuring probes in our case is 5 or
10 mm and the sample is 0.35mm thick, it is clear that the
contribution from the bulk is large. Nevertheless, quali-
tatively, we can guess that only the contributions of the
topmost layers of the sample are significantly affected by
iron deposition but the bulk stays intact. Hence, the vari-
ations of the measured values can be attributed to the film
and surface-nearest layers of the sample.

A. Conductance of thin disordered iron films on the
clean surface Si(100)

Figure 4 presents the variations of conductance versus
iron coverage for the system Fe/Si(100). It is seen that
the conductance falls sharply (by 3.4%) after deposition
of the very first portion of iron. The conductance remains
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FIG. 6: (a) Relative change of the conductance in the sample
with SP Si(100)-c(4x12)-Al versus temperature. The conduc-
tance of the sample Si(100)2x1 is used as the reference. (b)
Hole mobility dependence on temperature in the clean sili-
con (rhombuses) and the sample with SP Si(100)-c(4x12)-Al
(squares). (c) The dependence (a) plotted in the logarithm
scale.

nearly constant for dpe < 9 ML, in the range (9-12) ML
it reduces by ~10% and then, for 12 ML < dg, < 29 ML,
it increases.

The shape of the plot agrees qualitatively with the ad-
mitted now model of disordered iron film formation on
atomically-clean Si(100). In Ref. [12] it was shown by
XPS that, for RT iron deposition, within the range 1 ML
< dp. <5 ML a new phase is formed representing a solid
Fe—Si solution which, for dge > 5 ML (critical value) trans-
forms into Fe-rich silicide Fe3Si. Existence of a critical
coverage has been proved in other works as well.

The shape of the plot in Fig. 4 also demonstrates three
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FIG. 7: Dependence of conductance change on Fe coverage in
the system Fe film/SP Si(100)-c(4x12)-Al/silicon substrate.
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FIC. 8: (a) A 1.9x1.9 um? atomic force image of the sample
with 23 ML iron deposited upon the prefabricated SP Si(100)-
c(4x12)-Al. (b) Histogram of height distribution for the sam-
ple surface.

stages of the film growth but the critical value in our case
is 9 ML and the iron film begins to form upon a silicide
when the coverage reaches 12 ML. For this reason we see
decrease of hole mobility (Fig. 5) caused at first by carrier
scattering in the layer of Fe-Si mixture (0-10 ML) and
then in FegSi (10-20 ML). It seems reasonable to guess
that the increase of the mobility for 22 ML < dg, < 29 ML
is related to formation of a continuous film which begins
to form at 20 ML, as seen in Fig. 4. The conductance
calculated from the slope of the plot in the range of 22-
29 ML (see Fig. 4) yields 7.5x10% (Ohm-cm)~! which is
smaller than that for pure iron by the factor of 13. It is
explained by carriers scattering in the film due to crystal
structure defects.

B. Electro-physical properties of the surface phase
Si(100)-c(4x12)-Al

In order to make our analysis of the surface phase
Si(100)-c(4x12)-A1 properties more comprehensive, the
measurements were carried out not only at RT but at
increased temperature as well.

The calculations based on the results of the Hall mea-
surements show that the main carriers in this system are
holes. It was shown that the conductance of this SP is

higher than that of the clean silicon both at RT and ele-
vated temperatures (see Fig. 6(a)) which is in agreement
with the existing data [13]. For RT this difference is 18%.

It was found that the hole mobility in the sample with
the SP is higher than that in the clean sample within
the whole temperature range studied. At RT the hole
mobility in the sample with the SP is 620 cm?/V-s which
is 17% higher than that for the Si(100)2x1 sample (see
Fig. 6(b)).

Mobility of the majority carriers vs. temperature can
be presented as pp(T) = pun(T/TH)™, whence exponent
« appears o = Alguyr/AlgT. Based on « one can de-
duce the carrier scattering mechanism which is complex
in semiconductors. It includes a few contributions related
to phonons (o = —3/2), neutral impurities (a = 0), dis-
locations (o = 1) and ionized impurities (o« = 3/2). Nev-
ertheless, on the basis of the mobility versus tempera-
ture plot (Fig. 6(c)) we can say that scattering for the
sample with SP (the effective exponent a = —0.46) is
mainly originated from dissipation on neutral impurities
and phonons.

The observed increase in the hole mobility which is a
consequence of the decrease of scattering resulted in in-
creasing of conductance can be explained by change in
the energy zones bending as a result of saturation of the
silicon atoms’ dangling bonds by aluminum atoms in the
SP Si(100)-c(4x12)-Al

C. Conductance of Si(100)-c(4x12)-Al with iron
film deposited on it

The results of the Hall measurements show that, like for
the system SP Si(100)-c(4x12)-Al/silicon substrate, the
main carriers in the system Fe film/SP Si(100)-c(4x12)-
Al/substrate are holes. Their effective mobility gradu-
ally varied from 620 cm?/V-s (before Fe deposition) up to
725 ¢cm?/Vs (for Fe coverage of 23 ML). The hole con-
centration increased monotonically with Fe coverage from
1.36x10% ecm™2 up to 1.7x10 cm™3.

Conductance variations for the case of iron growth upon
the Al SP prefabricated on Si(100) substrate are presented
in Fig. 7. No changes in the conductance are seen at
the initial stage of growth (below 4 ML). Beginning from
dre = 4 ML, the conductance monotonically grow. Some
peculiarity and decrease of the slope are clearly seen near
the coverage of 12 ML. It is noteworthy, such a behavior
of the curve differs from that reported in Ref. [13] for Al
or In deposition upon the SP Si(100)-c(4x12)-Al where
the conductance of the system metal/Si(100)-c(4x12)-
Al/silicon substrate decreased at the early stages of metal
deposition.

The dependence of the conductance on Fe coverage
can be interpreted within the percolation theory [14]. It
states that the growth of conductance near the percola-
tion threshold is described by the following expression:

Ac(d)  (d —d.)" for d > d,,

where d.. is the critical coverage.

Theoretical estimations given for the case of 2D
triangle-shaped islands predict d. = 0.5 ML and the
power factor t &~ 1.3 [15]. Our results give ¢t = 1.36 = 0.09
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FIG. 9: The stages of iron film growth on the SP Si(100)-c(4x12)-Al at RT. (a) 0-3.7 ML. Nucleation of iron islands and
formation of percolation paths of conductance; (b) 3.7-12 ML. Islands’ lateral dimensions and height grow resulting in their
coagulation; (c¢) 12-23 ML. The thickness of the continuous film monotonically grows. Highly defective boundaries of the

coagulated iron grains remain.
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FIG. 10: Hole mobility dependence on temperature for the
system 23 ML Fe/Si(100)-c(4x12)-Al/Si.

which satisfactorily agrees with the theory. The criti-
cal coverage d. (corresponding to beginning of conduction
through percolation paths in the ensemble of iron islands)
in our case is 3.740.2 ML. The significant difference of
this value with the theory prediction is the consequence
of 3D but not 2D character of Fe island growth. The
results obtained for other systems also demonstrate that
the critical coverage is always higher than the theory es-
timations give [16]. In spite of this discrepancy, the good
agreement of the factor ¢ with the theoretical value al-
lows to state that at the early stages of Fe deposition the
conductance is supported through the percolation paths.

After the islands grew enough to form a continuous film
at dre = 12 ML the conductance linearly increases with
iron coverage. This increase can be explained by growth
of thickness of the film. This is naturally expressed by
the equation Ao (d) = a-d+ b, where d is the film thick-
ness, a and b are constants. The factor a represents the
conductivity of the material. From the slope of the lin-
ear function it was found that the conductivity is 1x10%
ohm~'em ™! which is one order of magnitude lower than
that for bulk iron. This discrepancy is explained by car-
rier scattering on the highly defective boundaries of the
coagulated iron grains.

Atomic force image of the sample with 23 ML iron de-
posited upon the prefabricated SP Si(100)-c(4x12)-Al is
presented in Fig. 8(a). Numerous islands are seen whose
density is about 2x10'® em~2. The islands have roundish
or oval shape, with average diameter 60 nm and height

4.5 nm (obtained from the histogram given in Fig. 8(b)).

Taking into account that the islands have the sphere
segment shape, the estimation for the amount of iron they
contain is about 7 ML, i.e. 1/3 of the total material de-
posited. Hence, under the islands there must exist a layer
of polycrystalline iron conducting the current.

Basing on the electric measurements for the disordered
iron layers grown on the SP Si(100)-c(4x12)-Al and the
AFM data, we come to the following growth model:

At the first stage of deposition (0-3.7 ML) nucleation
of iron islands and formation of percolation paths of con-
ductance takes place. Intermixing of iron atoms with
substrate is blocked by the prefabricated SP Si(100)-
c(4x12)-Al representing a diffusion barrier (Fig. 9(a)).
The systems’ conductivity is practically constant at this
stage. The LEED spots characteristic for the SP Si(100)-
¢(4x12)-Al can be seen for dg, < 1 ML. Thus, we conclude
that the SP preserves up to the coverage of 1 ML. At the
second stage of deposition (3.7-12 ML-see Fig. 9(b)) the
islands’ lateral dimensions and height grow resulting in
their coagulation and increasing of the film’s continuous-
ness. This arising conducting channel causes the sharp
rise of the effective conductance of the system. At the
third stage (12-23 ML) the thickness of the continuous
film monotonically grows (Fig. 9(c)). The conductance
linearly depends on the amount of the deposited iron.

After completion of the iron deposition, the dependen-
cies of Ug and U, on temperature were measured. The
dependence of carrier mobility obtained from this data
in the logarithm scale is presented in Fig. 10. The slope
of this curve is nearly zero (exponent o = —0.05) which
indicates scattering on neutral impurities or defects—most
probably inter-grain boundaries resulting from iron island
coagulation.

V. CONCLUSIONS

1. The SP Si(100)-c(4x12)-Al formed on p-type
Si(100) substrate represents a diffusion barrier
blocking intermixing of deposited iron atoms with
the silicon substrate at RT.

2. The conductance of the iron film deposited on the
SP Si(100)-c(4x12)-Al is well described by the per-
colation theory within the coverage range 0-10 ML.
This conductance begins at the coverage 3.7 ML.
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3. The main carriers in the system SP Si(100)-
¢(4x12)-Al/p-type boron-doped Si(100) are holes.
Conductance and hole mobility in this system are
higher than those in clean silicon within the tem-
perature range from RT up to 180°C.

4. Conductance through the continuous iron film be-
gins at the coverage of 12 ML and 20 ML for the
film growth on the SP Si(100)-c(4x12)-Al and clean
Si(100) surface, respectively.

5. Deposition of dp. < 25 ML on Si(100)2x1 surface

results in decrease of the effective conductance of
the system Fe film/Si(100) substrate.
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