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Abstract—Magnetite polycrystalline films are grown by variously oxidizing a Fe film on the Si(111) surface
covered by a thin (1.5 nm) SiO, layer. It is found that defects in the SiO, layer influence silicidation under
heating of the Fe film. The high-temperature oxidation of the Fe film results in the formation of both Fe;0,
and iron monosilicide. However, the high-temperature deposition of Fe in an oxygen atmosphere leads to the
growth of a compositionally uniform Fe;O, film on the SiO, surface. It is found that such a synthesis method
causes [311] texture to arise in the magnetite film, with the texture axis normal to the surface. The influence
of the synthesis method on the magnetic properties of grown Fe;O, films is studied. A high coercive force of
Fe;0; films grown by Fe film oxidation is related to their specific morphology and compositional nonunifor-

mity.
DOI: 10.1134/S1063784211100033

INTRODUCTION

Magnetite, owing to the complete spin polarization
of electrons [1] and a high Curie temperature
(~580°C), is viewed as a promising material for spin-
tronics—a new field of semiconductor electronics.
Fe;0, formation on the silicon surface is of interest in
relation to effective injection of spin-polarized elec-
trons from the Fe;O, film to the Si substrate. A number
of recent works have been devoted to the growth of
magnetite films on the pure silicon surface [2, 3] and
on the silicon surface covered by a buffer layer [4]. It
has been found that Fe;O, films grow polycrystalline
irrespective of the growth technique. It was also
reported that a layer including both iron silicide and
amorphous iron oxide (Fe,O,) forms at the early stage
of Fe;0, growth on a Si substrate [5, 6]. This layer with
a thickness of ~7 nm prevents effective injection of
spin-polarized electrons from the Fe;O, film to the
semiconductor. A thin SiO, layer used as a buffer layer
is necessary to prevent the formation of iron silicide.
Moreover, the possibility of spin-polarized electrons
injecting from the magnetite layer into an inverse layer
at the interface between the Si substrate and a thin
layer of natural SiO, layer was demonstrated [7]. Stud-
ies of the magnetite film sheet conductivity showed
that an additional conductivity channel through the
inverse layer along the SiO,/Si interface arises at tem-
peratures above 250 K. For further investigations into
such effects as spin-polarized electron tunneling and
current channel switchover, it is of interest to gain

insight into the formation conditions of the
Fe;0,/Si0,/Si structure. Central to the growth of this
structure are the thickness and quality of the SiO,
layer, on the one hand, and the sharpness of the inter-
face between the Fe;0, film and the SiO,/Si structure
surface, on the other.

From the available experimental data, it is known
that thin Fe;O, films on the semiconductor surface
can be formed both by oxidation of a thin Fe layer in
an oxygen atmosphere [8] and by Fe sputtering in an
oxygen atmosphere [5, 9]. In this work, we report
experimental data for Fe;O, films grown on the
Si0,/Si(111) surface by different methods. Then thin
Si0, overlayer was obtained by wet chemical treatment
of the Si(111) surface. Also, we studied the magnetic
properties of variously synthesized Fe;0,/SiO,/Si
structures.

1. EXPERIMENT

Experiments were conducted with a Katun’ ultra-
high-vacuum setup equipped with systems for reflec-
tion high-energy electron diffraction (RHEED) and
spectral ellipsometry. The background pressure was no
higher than 10~!° Torr. 0.5 x 10 x 20-mm plates cut
from p-Si(111) wafers with a resistivity of 4.5 Q cm
were used as substrates. Prior to the substrates were
loaded in the vacuum chamber, their surface was
cleaned by wet chemical processing [10]. At the final
stage of Si substrate surface cleaning, thin SiO, layers
were formed by boiling in concentrated nitric acid
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Fig. 1. RHEED pattern taken from the surface of the
Si0,/Si structure after (a) the room-temperature deposi-
tion of a Fe layer and annealing at 300°C and (b) exposure
of the film to the oxygen atmosphere at a substrate temper-
ature of 300°C. Vertical bars in both panels show the theo-
retical positions of Debye rings for diffraction by iron and

[TPet)

magnetite polycrystals. A double arrow in panel “a” points
to the most intense rings in the case of diffraction by e-FeSi
polycrystals.

(HNO,;) for 5 min. The SiO, thickness measured by
spectral ellipsometry was found to be ~1.5 nm. After
the substrates were loaded into the vacuum chamber,
they were preheated at 500°C for 1 h. Iron was depos-
ited on the surface of the SiO,/Si(111) structure by
thermal evaporation from a Knudsen cell with an
Al,O; crucible. The Fe deposition rate determined by
the method suggested in [11] was 0.8 nm/min.

Magnetite films were obtained by three methods:
(i) by annealing Fe films predeposited at room tem-
perature at 300°C in an oxygen atmosphere, (ii) by
heating Fe films deposited at room temperature to
300°C in an oxygen atmosphere and subsequently
keeping at this temperature, and (iii) by depositing Fe
films in an oxygen atmosphere at 300°C. In all the
cases, the oxygen pressure in the vacuum pressure is
maintained at ~1.3 x 10~° Torr and the thickness of the
iron films was 8 nm. The oxidation of such amount of
iron is expected to result in the formation of a Fe;0,
film ~16 nm in thickness.

BALASHEV et al.

Information on the structural and phase composi-
tions of the iron oxide films at different growth stages
was derived from RHEED patterns. When taking
RHEED patterns, the electron beam was incident to
the surface at a grazing angle, ~1°. After the samples
were removed from the vacuum chamber, the mor-
phology and composition of the films were examined
by atomic force microscopy (AFM) and Raman spec-
troscopy, respectively. Raman spectra with a resolution
of 1.5 cm™~! were recorded with a NTEGRA Spectra
probe nanolaboratory. A 488-nm laser was used as a
source of Raman radiation excitation. The laser beam
was focused on the sample into a spot ~0.5 um in
diameter. The laser radiation power on the sample sur-
face was equal to 8 mW. The magnetic properties of the
films were studied using a vibrating sample magne-
tometer.

2. RESULTS AND DISCUSSION

After Fe films were deposited on the surface of the
SiO,/Si(111) structure at room temperature, the
RHEED patterns exhibited diffuse rings with a non-
uniform intensity distribution, which is typical of
transmission diffraction from a textured polycrystal-
line film. These rings indicate the presence of [110]
texture, which is typical of Fe films grown on the SiO,
surface at room temperature [12]. Then, the Fe film
was oxidized by heating to 300°C at a rate of 15°C/min
in the oxygen atmosphere. Figure la shows the
RHEED pattern taken of the surface after the heating.
During heating of the substrate, the rings from the Fe
film (vertical bars in Fig. 1a) become sharper, suggest-
ing coarsening of the crystallites. In addition, the post-
heating distribution of the Fe ring intensity becomes
more uniform, because the preferred orientation of Fe
crystallites disappears. Along with Fe ring sharpening
in the RHEED pattern, extra faint rings arise. The
positions of these rings (horizontal bars in Fig. 1a) cor-
relate with the inverse values of the interplanar dis-
tances (1/d,,) in e-FeSi iron monosilicide with a
cubic structure (structure B20). The RHEED pattern
shows that the most intense rings from this group are
the (201) and (112) reflections (arrows in Fig. 1a). A
high intensity of these reflections was also observed in
[13], where polycrystalline €-FeSi iron monosilicide
films grown on the pure silicon surface were studied.
The rise in the intensity of the diffraction ring corre-
sponding to an interplanar distance of ~0.2 nm is
explained by the superposition of the (201) diffraction
ring from e-FeSi and (110) ring from Fe (the respec-
tive interplanar distances coincide). The observed dif-
fraction pattern remained unchanged for 10 min of
heating—exposure at 300°C.

Subsequent annealing of the Fe film in the oxygen
atmosphere for 10 min causes Fe rings in the RHEED
pattern to disappear and new diffraction rings to arise
(Fig. 1b). The positions of the new rings agree with
theoretical positions (vertical bars) calculated for a
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magnetite lattice with an inverse spinel structure [14].
The time taken of the RHEED pattern to change to
the new one is about 1 min after the onset of exposure
at an oxygen pressure of about 1.3 x 10~° Torr in the
vacuum chamber. The intensity of magnetite rings
increased with time of exposure. Upon the oxidation
of the Fe film, rings from e-FeSi are absent in the
RHEED pattern. A possible reason for this effect may
be enhanced scattering of electrons incident on the
surface at a grazing angle by Fe;O, crystallites, which
grow in size twofold upon oxidation compared with Fe
crystallites.

The AFM image taken of the surface of this film
(Fig. 2) shows that most crystallites in it are about
50 nm across (crystallites A4). Coarser crystallites
(more than 100 nm across) are also present on the surface
(crystallites B). The density of the latter, ~3 x 103 cm™2, is
twice as low as that of the former. Their formation may
be associated with the formation both of e-FeSi as a
result of heating the Fe film and of another phase of
iron oxide. It is known that the structure of maghemite
(y-Fe,0;) is the same as that of magnetite and the lat-
tice constant of the former (0.8342 nm) is almost the
same as that of the latter, 0.8396 nm. Since the posi-
tions of diffraction rings for these oxides will nearly
coincide, identification of maghemite by RHEED
seems to be problematic. To identify the structure of
these films, we conducted Raman studies. The inset to
Fig. 2 shows the Raman spectrum taken of the iron
oxide film. It was found that the oxidation of iron gives
rise to one more peak at ~670 cm~! in addition to
peaks from the silicon substrate at ~303, 619, and
520 cm~!. According to theoretical calculations [15],
there are five active Raman modes in crystalline mag-
netite at room temperature: mode A, (o = 669 cm™),

mode E, (0 =410 cm™!), and three T, modes [»( T;g =

193em™), (75, =540 cm™"), and ( 75, =300 cm™)].
Since the Raman spectrum from magnetite typically
contains intense peaks at 669 and 540 cm™', the peak
at ~670 cm~! present in the spectrum can be related to
magnetite. The magnetite peak at 540 cm™! is invisi-
ble, since it is weak and superposes on the silicon peak
at 520 cm™!.

In [16], heating of a Fe film grown on the oxidized
Si surface resulted in silicidation at defects in the SiO,
layer because of interdiffusion between Fe and Si
atoms. Eventually, iron silicide islands formed, the
density of which (~10% cm~2) was comparable to the
density of defects in the SiO, film. With the experi-
mental data of this work taken into account, we sup-
pose that large islands observed in the AFM image are
iron monosilicide crystallites at defects in the SiO,
layer. This supposition is confirmed both by the
appearance of diffraction rings from e&-FeSi upon
heating the Fe film (Fig. 1a) and by the density of these
islands (3 x 108 cm~?), which is comparable to the
above value. Because of the low density of e-FeSi
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Fig. 2. AFM image taken from the surface of the Fe;O0y4
film obtained by heating the Fe;0,4/Si0,/Si(111) system
to 300°C and exposure to the oxygen atmosphere. The
inset shows the Raman spectrum for this surface.

islands on the surface, the intensity of rings due to dif-
fraction by e-FeSi crystallites is low and the intense
peak at ~315 cm~' (£ mode) corresponding to this
iron silicide [17] is absent in the Raman spectrum.

In the next experiment, the Fe film was oxidized in
the oxygen atmosphere in the course of heating from
room temperature to 300°C. At a temperature of about
150°C, diffraction rings from Fe in the RHEED pat-
tern changed to rings from magnetite (Fig. 3a). Such
an RHEED pattern was observed both under heating
of the film to 300°C and after its subsequent exposure
to the oxygen atmosphere at this temperature for
10 min. The RHEED pattern from the iron oxide film
thus grown exhibits rings with a nonuniform distribu-
tion of the intensity. This indicates the presence of tex-
ture or, in other words, a preferential orientation of
crystallites along some direction. The texture in the
magnetite film was analyzed by calculating the theo-
retical RHEED pattern using the kinematic approach
[12, 18]. It was found that the magnetite film has [100]
texture the axis of which is normal to the surface of the
film. The calculated pattern for this texture is shown in
Fig. 3b. Since for this texture the [100] direction in the
crystallite lattice is oriented largely normally to the
plane of the film, the (100) diffraction spot/reflection
will be largely located on the normal unlike reflections
of other orders. Measurements of angular broadening
Ao of the (100) reflection show that the [100] axis of
the crystallite lattice is offset from the normal to the
surface within £20°.

The presence of [100] texture in the magnetite film
can be related to the specific oxidation of the Fe film
with [110] texture starting from low temperatures. It
was found [19] that the oxidation of an epitaxial Fe
film (on a GaAs substrate) leads to the formation of a
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Fig. 3. (a) RHEED pattern obtained upon heating the Fe
layer to 300°C in the oxygen atmosphere and (b) the calcu-
lated transmission diffraction pattern for the polycrystal-
line Fe;04 film with [100] texture.

magnetite film with a crystal lattice rotated through
45° relative to the Fe lattice (this rotation is consistent

with the angle between the [110]7 and [IOO]F6304
directions in the cubic lattice). The growth of a mag-
netite film with a preferred orientation was also
observed in experiments on magnetron sputtering of
iron in an oxygen atmosphere on both the pure and
oxidized silicon surface [21]. Interestingly, such an
orientation arises when the oxygen pressure (flow rate)
is low. Presumably, under these conditions, first Fe
crystallites with the [110] orientation originate and
then, at subsequent growth stages, they oxidize to form
a Fe;0, film with the [100] orientation.

The AFM image shows that the morphology of the
film is uniform with an island mean size of ~40 nm.
However, the Raman spectrum (Fig. 4) contains not
only the magnetite peak at 669 cm™! but also peaks of
another phase. The decomposition of the magnetite
peak into Gaussian components allowed us to discern
peaks at 655 and 710 cm~'. The positions of the peaks,
as well as of a “zooming” in the silicon peak at 375 cm™/,
are consistent with those of magnetite peaks [22].

When Fe was deposited in the oxygen atmosphere
at 300°C, diffraction rings from the polycrystalline
magnetite film were observed at the early stage of
growth. The RHEED pattern from the iron oxide film
thus grown (Fig. 5a) contains diffraction rings typical
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Fig. 4. Raman spectrum for the Fe;0,4 film obtained by
heating the Fe layer deposited at room temperature to
300°C in the oxygen atmosphere. The magnetite peak at
669 cm™ " is decomposed into a set of Gaussian curves.

of textured films. Unlike the previous result (Fig. 3a),
here the rings are diffuse and the intensity distribution
is different. Analysis showed that the experimental
RHEED pattern is best fitted by a theoretical pattern
calculated for a film with [311] texture (Fig. 5b) the
axis of which is parallel to normal n to the film surface.
For this structure, the (311) reflection is placed largely
on the normal in contrast to reflections of another
order. OffsetAo of the [311] axis of the crystallite lat-
tice from the normal to the surface is within £10°. The
fact that here the rings are diffuse, unlike for the oxi-
dized Fe film (Figs. 1b, 3b), indicates a small size of
crystallites. Indeed, from the AFM image of this sur-
face, it follows that the crystallite mean size is 17 nm,
which is almost three times smaller than in the oxi-
dized Fe film. In addition, the AFM image shows that
the film has a narrow crystallite size distribution with a
density of ~1.1 x 10'' cm~2.

Magnetite films with [311] texture grew also on a
SiO, amorphous substrate [23] and on the silicon sur-
face covered by a thick (20 nm) [4] and ultrathin
(1.5 nm) [7] SiO, layer. It follows from experimental
data that this texture may arise under magnetron sput-
tering of Fe in the oxygen atmosphere [23], electron-
beam evaporation of a Fe;O, source [4], and laser
evaporation of an a-Fe, 05 source [7]. We suppose that
this texture results from the so-called competitive
growth [24] because of a low growth temperature and
a low atomic mobility. The decrease in the mobility of
Fe atoms or Fe oxide molecules on the growing surface
may be associated both with a low growth temperature
and with a high deposition rate of the material. In fact,
the growth temperature of Fe;0, films in [4, 23] was as
low as 20 and 50°C, respectively. Moreover, magnetite
films with [311] texture were also grown on a pure
Si(100) substrate at room temperature [20]. At the
same time, high-temperature deposition (at 400 and
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Fig. 5. (a) RHEED pattern obtained upon depositing the
Fe layer at 300°C in the oxygen atmosphere and (b) the
calculated transmission diffraction pattern for the poly-
crystalline Fe;O4 film with [311] texture.

450°C) on different substrates (glass, silicon) results in
the growth of magnetite films with [111] texture [3, 5].
Transmission electron microscopy data showed [5]
that, in the case of iron magnetron-sputtered in the
oxygen atmosphere, the growth of an amorphous iron
oxide layer changes to the growth of a polycrystalline
Fe;0O, film with [111] texture irrespective of the type of
silicon substrate (Si(111) or Si(001)). This orientation
of Fe;0, films seems to result from the restructura-
tion/coalescence growth [24]. In this case, crystal
faces with the lowest free energy are parallel to the sub-
strate surface and the texture axis is parallel to the
respective crystal directions. Since the (111) faces of
Fe;0, crystals have the lowest free energy [25], the tex-
ture axis is expected to be normal to the surface and
coincide with the [111] direction. In such a configura-
tion, randomly oriented Fe;O, crystallites grow from
an amorphous iron oxide layer and the [111] growth
texture results from the preferential lateral growth of
those Fe;0, crystallites the (111) surface of which is
oriented parallel to the substrate surface. At the same
time, the combination of a high Fe and O, (+Ar) vapor
pressure (1 Pa) with a low growth temperature (20°C)
causes the growth of an untextured Fe;O, film with an
amorphous phase between crystallites [26].

While iron oxide crystallites and iron silicide crys-
tallites may form simultaneously when a Fe film is
TECHNICAL PHYSICS Vol. 56
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Fig. 6. Hysteresis loops for 16 nm thick Fe;O,4 films on the
surface of the Si0,/Si(111) structure that were obtained by
(A) annealing of the Fe layer deposited at room tempera-
ture at 300°C in the oxygen atmosphere, (B) heating of the
Fe layer deposited at room temperature to 300°C in the
oxygen atmosphere, and (C) deposition of the Fe layer in
the oxygen atmosphere at 300°C.

deposited in the oxygen atmosphere, the Raman spec-
troscopy data show the presence of a single-phase
magnetite film. Silicidation in the SiO, film is limited
by the surface diffusion (delivery) of Fe atoms to
defects and, correspondingly, by the interdiffusion of
Si and Fe atoms through defect sites. We suppose that
this process is feeble, whereas the nucleation of iron
oxide crystallites as a result of interaction between Fe
atoms and O, molecules arriving at the surface domi-
nates. The uniformity of the film consisting of equi-
sized (~17 nm) islands and the absence of a signal from
iron silicide in the RHEED pattern and in the Raman
spectrum confirm the complete oxidation of iron and
formation of magnetite.

Figure 6 shows hysteresis loops for the magnetite
films obtained by different techniques. Measurements
showed that the rotation of the sample about an axis
normal to the substrate surface does not influence the
shape of hysteresis loops, indicating the absence of
magnetic anisotropy. As follows from Fig. 6, the effec-
tive magnetization of the Fe;O, film obtained by the
oxidation of the Fe film (loops A and B) is higher than
that of the Fe;O, film obtained by iron deposition in
the oxygen atmosphere (loop C). This is because the
grain size in the films corresponding to loops A and B
is more than twice as large as the grain mean size in the
film obtained by iron deposition in the oxygen atmo-
sphere. For the same reason, the magnetite films cor-
responding to loops A and B have a higher value of the
hysteresis loop rectangularity coefficient: M,/M, =
0.77 versus ~0.6 for the film corresponding to loop C.

According to earlier experimental data on the mag-
netic properties of epitaxial [9, 27] and polycrystalline
[5, 28] magnetite films, coercive force H, of the films
about 100 nm thick roughly equals 300 Oe. In our
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experiments, the film obtained by iron deposition in
the oxygen atmosphere has a close value of the coer-
cive force, 270 Oe (curve C). The magnetite films
obtained by oxidation of Fe films have higher values of
the coercive force (loops 4 and B; H,= 505 and 1000 Oe,
respectively). Possible reasons are porosity, coarser
grains [29], a larger peak-to-valley height [30], and the
presence of interfaces between iron silicide phases
(loop A) and y-Fe,O; (loop B). For epitaxial films, it
was noted [27] that the coercive force of unstrained
Fe;0,/MgO films is ~280 Oe, while in Fe;0,/Sr;TiO,
films strained because of a large amount of disloca-
tions, it rises to ~600 Oe. It can be supposed that the
nonuniformity of the films in structure and composi-
tion increases the coercive force.

CONCLUSIONS

The structural and magnetic properties of Fe;O,
films grown on the Si(111) surface covered by a thin
SiO, layer are investigated. The formation of magne-
tite films by oxidizing a deposited Fe layer and by
depositing a Fe layer on the surface of the
SiO,/Si(111) structure in the oxygen atmosphere is
considered. It is found that Fe;O, films obtained by
oxidation of a Fe layer in the oxygen atmosphere are
nonuniform in structure and phase composition.
Magnetite films obtained by high-temperature oxida-
tion of Fe contain iron monosilicide. At the same
time, the oxidation of a Fe layer starting from low tem-
peratures results in the formation of the y-Fe,0;
phase. RHEED patterns show that texture in Fe;O,
films depends on the film growth method. Fe;0, films
obtained by oxidation of Fe has [100] texture, while
those obtained by deposition of Fe in the oxygen
atmosphere has [311] texture. It is found that the coer-
cive force of magnetite films obtained by oxidation of
Fe is two to three times higher than that of films
obtained by deposition of Fe in the oxygen atmo-
sphere. A higher value of the coercive force in the
former case may be related to a larger grain size, higher
surface roughness, and the presence of interfaces
between g¢-FeSi and y-Fe,0;. At the same time, the
coercive force of magnetite films obtained by deposi-
tion of Fe in the oxygen atmosphere is comparable to
that of Fe;0, films prepared by other methods [5, 28].
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