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Abstract—The methods of transmission and reflection electron diffraction have been used to investigate the
structure of Fe;0,4 films depending on the temperature of their synthesis on an Si substrate coated with an
ultrathin layer of SiO,. The thus-grown polycrystalline films of magnetite had a texture, the axis of which was
perpendicular to the surface of the SiO, film. It has been revealed that, with an increase in the growth tem-
perature, a structural rearrangement occurs which is characterized by an increase in the volume fraction of
grains with the preferred (311) orientation. A study of the magnetotransport properties of the films has shown
that the magnitude of their magnetoresistance increases with an increase in the temperature of their synthesis.
It has been established that in the Fe;0,/SiO,/Si system with a tunneling-thin layer of SiO, the magnetore-
sistance decreases as a result of the flow of an electric current through the silicon substrate.
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1. INTRODUCTION

Due to the complete spin polarization of electrons
[1] and high Curie temperature (~580°C), magnetite
(Fe;0,) is a promising material for some new direc-
tions of contemporary electronics, e.g., spintronics
[2, 3]. The study of the magnetic and electrical prop-
erties of Fe;O, films grown on different substrates is
therefore now of enhanced interest. It has been shown
that the films of magnetite can grow epitaxially on
some substrates, e.g., 0-Al,O;, GaAs, and MgO
[4—7], or have a polycrystalline structure when grown
on Si, Si0,, and GaAs substrates [§—12]. The growth
of Fe;0, films on silicon substrates is of interest from
the viewpoint of the formation of a heterostructure of
the ferromagnet/semiconductor type with the possi-
bility of injecting spin-polarized electrons into the
semiconductor [3]. The Fe;O, films grown on a clean
Si surface and on a Si surface coated with a SiO, layer
have a polycrystalline structure, which is independent
of the method of the deposition of the film (pulsed
laser deposition (PLD), magnetron sputtering, etc.)
and of the growth conditions. On the other hand,
these films can be characterized by both the complete
misorientation of grains in them [13, 14] and the pre-

ferred crystallographic orientation of grains [15—18],
i.e., they can have a texture.

An analysis of the literature data shows that the
preferred orientation of grains in the films with a tex-
ture can depend on the experimental growth condi-
tions. Thus, in the case of PLD [8, 19], a (111) texture
was observed regardless of the type of substrate. On
the other hand, in [19], it was revealed that, with a
decrease in the growth temperature to 150°C, in the
films with the (111) texture the appearance of grains
with a (311) orientation is observed. Frequently, the
study of magnetic and electrical properties is carried
out depending on the thickness of the grown films of
Fe;0, or on the phase composition of the films of the
iron oxide, which changes depending on the experi-
mental conditions of the synthesis of films. At the
same time, the data on the influence of the structural-
morphological properties of the Fe;O, films on the
magnetotransport properties are nearly absent. In
[17, 20], it was found that, in the textured film of
Fe;O, grown on an oxidized surface of Si by both mag-
netron sputtering [ 17] and reactive deposition of Fe in
the oxygen atmosphere [20], the orientation of grains
can change depending on the growth conditions. The
authors of [17] have established that the change in the
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structure leads to a change in the magnetic and trans-
port properties of the film.

In our previous work [21], based on an analysis of the
Raman spectroscopy data and magnetic measurements,
it was shown that an increase in the temperature of the
synthesis of the textured films of Fe;O, leads to a struc-
tural ordering and to an increase in the effective magne-
tization as a result of a decrease of the amount of defects
in the bulk of the film. In this work, for a detailed study of
the evolution of the structural ordering, we performed an
analysis of both the high-energy electron diffraction pat-
terns and the data obtained by transmission electron
microscopy. Furthermore, we investigated the magne-
totransport properties of films depending on the tem-
perature of their synthesis.

2. EXPERIMENTAL

The experiments were carried out using a Katun’
ultra-high-vacuum setup equipped with systems for
studying reflection high-energy electron diffraction
(RHEED) and for spectral ellipsometry. The base pres-
sure did not exceed 10~° Torr. The accelerating voltage
of the electron beam in the RHEED method was 20 kV;
the angle of incidence of the beam onto the surface of
the substrate did not exceed 1°. As the substrates, single-
crystal plates of silicon (20 X 10 %< 0.5 mm) of the n type
(7.5 Ohm X cm) with a (001) orientation were used.
Prior to the loading into the vacuum chamber, the sur-
face of the samples was cleaned using a wet chemical
treatment [22]. At the final stage of cleaning, on the
surface of the Si substrate there was formed an ultra-
thin layer of SiO, by the treatment in a nitric acid solu-
tion (68% HNO?3) at 121°C for 10 min. According to
the ellipsometry data and to the results obtained in
[23], the thickness of an SiO, layer obtained by this
method is ~1.5 nm. After the sample was loaded into
the vacuum chamber, it was annealed at 500°C for 1 h.
The deposition of Fe onto the SiO,/Si(001) surface
was carried out by the thermal evaporation of Fe from
a Knudsen cell with a crucible made of alumina
(AL,O3). In the process of the growth of the Fe;0, film
on the Si0,/Si(001) surface, the rate of deposition of
Fe was ~1.2 nm/min, and the pressure of O, in the
vacuum chamber was maintained at a level of ~1.3 X
10 Torr. The thickness of the Fe;0, films grown at
temperatures of 200—400°C was 100 nm.

The electron-microscopic examination was carried
out using a Zeiss Libra 200 HR FE transmission elec-
tron microscope at an accelerating voltage of 200 kV.
The experiments on the obtaining of the electron dif-
fraction patterns were carried out using the selected-
area electron diffraction (SAED) method by studying
regions with a size of 200—500 nm.

For the investigation of the magnetotransport
properties of the films obtained at different tempera-
tures, we measured their conductivity depending on
the applied external magnetic field. The measure-
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ments were conducted at room temperature (RT) on
samples with a size of 10 X 5 mm by the standard four-
probe method at a constant direct current j = 1 HA
using a Keithley-2400 SourceMeter. The probing
electrodes with a diameter of 0.2 mm were formed on
the surface of the Fe;O, film by thermal evaporation of
Al through a metallic mask and were located collin-
early with a step of 1 mm. The magnetic field was
applied along the plane of the film,; its value was varied
in the range of —0.4 to +0.4 T.

3. RESULTS AND DISCUSSION
3. 1. Structural Analysis of Fe;0, Films

Figure 1 shows electron diffraction patterns
obtained by the RHEED method and by electron
microscopy on the magnetite films grown on an
SiO,/Si(001) surface at temperatures of 200 and
400°C. These patterns exhibit Debye diffraction rings
that are characteristic of the polycrystalline films of
Fe;0, just as of those obtained in the case of transmis-
sion diffraction from the films grown without heating
the substrate [12]. At the same time, it can be clearly
seen that there is a qualitative distinction in the type of
the intensity distribution along the rings in the case of
RHEED and electron microscopy.

The RHEED patterns in Figs. la and 1b were
obtained with an angle of incidence of the electron
beam onto the plane of the surface close to 0°. Since
the growth of grains of a polycrystalline film occurs
along the direction of normal (n) to the surface [24]
(Fig. 2a), the angle between the direction of the wave
vector of the incident beam (k,) and the growth direc-
tion of grains is close to 90°. The transmission electron
diffraction in the case of RHEED can only appear in
the presence of a roughness formed by grains of Fe;0,
protruding above the surface of the film. On the other
hand, in the case of electron microscopy (Fig. 2a), the
wave vector of the incident beam Kk, is directed along
the normal (n) to the surface (along the grain-growth
direction), and the diffraction pattern is registered on
the reverse side of the Si(001) substrate. In this case,
the diffraction of electrons takes place inside the entire
volume of the Fe;0, grains rather than only from their
near-surface region.

Since the lateral dimensions of grains are approx-
imately four to five times greater [21] than the aver-
age heights of the surface roughness, the sharpness of
the rings obtained by using electron microscopy
(Figs. 1c, 1d) is larger than the rings in the case of
RHEED (Figs. 1a, 1b). Furthermore, in the diffrac-
tion patterns, localized diffraction spots can be seen in
the rings, which is connected with the effect of refrac-
tion on the grains that are faceted and, as a result, have
a more perfect structure [25]. In the region selected for
studying the diffraction there are present grains of
larger sizes, which increases the intensity and the
locality of separate diffraction reflections in the ring.
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Fig. 1. Electron diffraction patterns from an Fe;O, film obtained (a, b) by the RHEED method and (c, d) by the TEM. Diffrac-
tion patterns (a) and (c) correspond to the film grown at 200°C, while those shown in (b) and (d) correspond to the film grown

at 400°C.

On the whole, in the region chosen for analyzing the
structure (200—500 nm), the diffraction pattern does
not show any preferred orientation of grains; the
intensity of the diffraction rings on the average is uni-
form. It has been revealed that an increase in the
growth temperature to 400°C leads to an increase in
both the sharpness of the rings and the brightness of
point reflections. This fact can be directly connected
with the growth of coarse grains with a pronounced
faceting.

It can be seen from Figs. 1a and 1b that the Debye
rings in the case of the RHEED are characterized by a
nonuniform distribution of intensity, which manifests
itself in the presence of arcs. As was shown in our pre-
vious work [26], the symmetrical location of the arcs
relative to the normal agrees with the theoretical dif-
fraction pattern for the film with a (311) texture, the
axis of which coincides with the normal to the surface
of the film. In the case of this texture, the grains of the
film are oriented so that the direction [311] of their
crystal lattice is arranged preferentially along the nor-
mal (Fig. 2b). The axis of the texture in this case coin-
cides with the normal to the surface. Since the grains
have random orientation relative to the axis of the tex-
ture, the (hk/) nodes of the reciprocal lattice will be ar-
ranged along the rings. As can be seen from Fig. 2b,
based on the example of the lattice nodes (111), (220),
and (400), the deviation of the direction [311] from the
axis of the texture within the limits of a certain angle
(£A¢) will lead to a broadening of the rings by an angle
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of 2A¢. In the case of the RHEED, the Ewald sphere,
which passes along the axis of the texture (perpendic-
ularly to the vector k), intersects these rings. The
points of the intersection of the rings with the Ewald
sphere determine the directions of the vectors of the
scattered waves. This leads to the appearance in the
RHEED pattern of diffraction arcs (111), (220), (400),
etc., located symmetrically relative to the axis of the
texture (normal n to the surface), as can be seen from
Figs. 1a and 1b. The angular position (A¢) of these
arcs relative to the normal should be 29.5°, 31.5°, and
25.2°. Since, in the case of the (311) texture, the direc-
tion [311] is located preferentially along the normal to
the surface, the corresponding (311) arc also is located
on the normal (A¢ = 0). It should be noted that, in the
cubic lattice of grains, there are also nodes with the in-
dices (311),(311), and (13 1), the angular position of
which relative to the direction (311) is ~35°, 50°, and 63°.
The corresponding arcs are arranged in the RHEED pat-
tern (Figs. 1a and 1b) symmetrically relative to the (311)
arc. As can be seen from Figs. 1a and 1b, the (311),

(311), 311), and (131) arcs on the whole form a
(311) ring that is almost continuous in intensity.

In the case of the TEM, the absence of arcs and a
uniform distribution of the intensity in the Debye
rings are explained by two reasons, namely, first, by
the electron diffraction in Fe,O, grains with random
orientations, which are present in the lower layer of the
film in the case of the competitive mode of growth
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Fig. 2. (a) Schematic representation of the direction of the wave vector k, of the incident electron beam relative to the Fe;0, film
in the case of the diffraction of high-energy electrons (RHEED) and transmission electron diffraction from a selected area of the
film (SAED). (b) Orientation of the reciprocal lattice in the case of the ideal (311) texture when the axis of the texture and the

[311] direction coincide.

[24]; and, second, by the geometry of diffraction, in
which the vector Kk, coincides with the axis of the tex-
ture (Fig. 2b) characteristic of the upper layer of the
film. In this case, according to [25], continuous rings
should also be observed with the only exception that
some of them must be absent. Since the texture in the
upper layer of the film is not ideal (A¢ # 0) and since
the grains of the lower layer have random orientations,
the complete disappearance of any rings should not be
observed. Since the appearance of distinct arcs in the
RHEED patterns was observed only after the deposi-
tion of a film 25—30 nm thick, it can be assumed that
the thickness of the lower layer with random orienta-
tions of grains does not exceed these thicknesses.

To obtain quantitative information on the effect of
the temperature of growth of the Fe;O, film on the
texture or degree of ordering of grains in the film, we
carried out measurements of the relative changes in
the intensity of the arcs and of their positions relative to
the normal. To this end, we carried out measurements
of the angular distribution of the intensity of the (311)
and (400) rings in the RHEED patterns obtained at

PHYSICS OF METALS AND METALLOGRAPHY Vol. 118

200°C (Fig. 1a) and 300 and 400°C (Fig. 1b). Figure 3
illustrates the corresponding angular distributions of
the intensity of the (311) and (400) rings. The normal-
ization of the intensity of the rings was performed
using the procedure suggested in [27]. The dashed
lines show the theoretical positions of the arcs relative
to the normal to the surface for the (311) texture. As
was said above, the diffraction ring (311) must include
the (311), (311),and (13 1) arcs for which A¢ is equal
to 0°, £35°, £50°, and £63° (Fig. 3a). Since the [400]
and [040] axes of the magnetite lattice are arranged at
the angles of ~+25° and +72° relative to the [311] axis,
arcs from the appropriate lattice nodes should be
observed in the diffraction pattern (Fig. 3b).

After the deposition at 200°C, as can be seen from
Fig. 3a, the intensity of the (311) ring is almost inde-
pendent of the angle ¢. On the contrary, in the case of
the (400) ring (Fig. 3b) there is observed an insignifi-
cant peak for A¢ = 0. When the Fe;0, film grows at
300°C, at A¢ = 0° there appears an intense peak corre-
sponding to the (311) arc (Fig. 3a). At this growth tem-
perature, the intensity curve for the (400) ring
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Fig. 3. Distribution of the intensity of the Debye rings (a) (311) and (b) (400) relative to the normal to the surface (¢ = 0°) for the
Fe; 0, films obtained at different growth temperatures. Position of the dashed lines corresponds to the angular position of arcs in

the rings in the case of the (311) texture.

(Fig. 3b) is characterized by the appearance of two
symmetrical peaks located at the angles of approxi-
mately £16° relative to the normal to the surface.
These values of the angles are approximately 9° less
than the theoretical values of the location of the (400)
arcs in the case of the (311) texture. The positions of
the peaks that correspond to the (400) arcs reach the
theoretical values of 25° only when the growth tem-
perature increases to 400°C. This is accompanied by
an increase in the intensity of the (311) peak by almost
1.5 times compared with its value at 300°C. It was
established that the width of this peak (2A¢) is ~30° at
the growth temperatures of both 300 and 400°C. This
indicates that the growth temperature does not influ-
ence the misorientation of grains relative to the axis of
the texture (normal to the surface) and the angular
deviation A¢ of the direction [311] from the axis of the
texture is ~15°.

We assume that, with an increase in the tempera-
ture of growth of the Fe;O, film, the volume fraction
of the grains that have the orientation (311) increases,
which is accompanied by both an increase in the
intensity of the (311) arcs at Ap = 0° and the displace-
ments of the (400) arcs toward the appropriate theo-
retical positions. Thus, at 400°C (Fig. 3b), the grains
in the film predominantly have (311) orientations, and
the (400) and (040) reflections/arcs of the lattice are
located at angles of approximately *£25° and £72°,
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respectively, relative to the axis of the texture (normal
to the surface). This conclusion is indirectly con-
firmed by a significant decrease in the intensity of the
(400) ring in the case of electron microscopy (Fig. 1d).
Since the Ewald sphere intersects the axis of the tex-
ture at an angle of 90°, no lattice reflections (400) and
(040) located at the angles of +25° and +72° should
occur.

In the case of the film growth at 300°C (Fig. 3b),
the deviation of the lattice reflections (400) and (040)
relative to their theoretical positions is ascribed to the
presence of a fraction of grains that have the lattice axis
[100] (rather than [311]), which is also directed along
the normal to the surface. Thus, in the case of the
(100) orientations of these grains, the lattice sites (400)
and (040) must be arranged at an angle A¢ = 0° and
+90°. It can be assumed that, because of a superposi-
tion of the (400) arcs located at A¢ = 0° at the (100)
orientation and at A = 25° at the (311) orientation of
grains, the arcs observed in the diffraction pattern are
located at A = 16°.

At a temperature of 200°C (Fig. 3b), the (400) arc
manifests itself in the form of a weak wide peak at
A¢ = 0°. This position of the peak can be connected
with the fact that the fraction of grains that have a pre-
ferred (100) orientation becomes larger than at the
temperature of 300°C. The growth of an Fe;0, film
with only a (100) texture was observed earlier [26] in
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the case of the oxidation of a preliminarily deposited
Fe film. The appearance of a (100) texture in the
Fe;0, film was explained by the oxidation of Fe grains
with a (110) orientation. In this work, we connect the
presence of the (100) orientation in a certain part of
grains with the change in the mechanism of the growth
of the Fe;O, film at a low temperature.

3.2. Magnetotransport Properties of Fe;0, Films Grown
ona 1.5nm Si0,/Si(001) Substrate

Figure 4 shows the dependence of the magnetore-
sistance (MR = (py — Po)/Poy) on the value of the
applied magnetic field H for Fe;O, films grown at dif-
ferent temperatures of a silicon substrate with thin
(1.5 nm) and thick (1.2 um) SiO, layers. It can be seen
from the figure that the evolution of the MR indicates
a decrease in the resistivity py of the films with an
increase in the magnetic field H compared with the
value of py at H= 0.

From a comparison of curves (a), (b), and (¢) in
Fig. 4, it can be seen that the higher the temperature of
the synthesis of the films, the greater the magnitude of
the MR. We think that an increase in the temperature
of the synthesis leads not only to the growth of Fe;0,
grains with a preferred (311) orientation, but also to a
qualitative change in the morphology of interfaces
between the grains. In [13, 28], the small values of the
MR of'the Fe;0, films are explained by the presence of
an amorphous phase and by the violation of the stoi-
chiometry at the grain boundaries. It was found in [29]
that in the Fe;O, film grown at room temperature, the
interface between the grains can represent both
extended disordered (amorphous) regions and regions
disordered on the atomic scale. The extended disor-
dered regions were dominant and separated the grains
from each other to a distance of ~4 nm. These regions
are responsible for spin disordering and strong antifer-
romagnetic interaction at the grain boundaries, which
leads to a decrease in both the magnetization of the
Fe;0, films and in the spin-polarized current between
the grains. We think that the small values of the MR of
the film grown at 250°C (Fig. 4, curve (a)) are
explained by a weak change in the transport of the
spin-polarized electrons through the regions with the
strong antiferromagnetic interaction. On the contrary,
an increase in the MR of the films grown at 300 and
400°C (Fig. 4, curves (b) and (c)) can be connected
with a decrease in the antiferromagnetic interaction at
grain boundaries. As a result of an increase in the
growth temperature, as well as in the diffusion mobil-
ity of Fe atoms and of O, molecules at the growth sur-
face, the formation of the amorphous phase between
the Fe;0, grains should be decreased. In these films,
the basic type of defects at the grain boundaries can be
regions disordered on the atomic scale, which are
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Fig. 4. Dependence of the magnetoresistance of the Fe;Oy4
films grown on the surface of a 1.5-nm SiO,/Si(001) at
various substrate temperatures: (@) 250°C; (b) 300°C; and
(c) 400°C. Curve (d) was obtained for an Fe;O, film grown
on the surface of an SiO, film 1.2 um thick at 300°C.

characterized by a lower antiferromagnetic interac-
tion. In all likelihood, this is responsible for both an
increase in the effective magnetization discovered in
our previous work [21] and the high values of the MR
in the case of the films grown at 300 and 400°C.

It can be seen from Fig. 4 that the magnitude of
the MR of the film grown on the thick layer of SiO,
(curve (d)) increases to 0.9% at an increase in the
applied external field to ~0.4 T. This value of the MR
is close to those obtained for the polycrystalline films
of Fe;O, grown on a kapton substrate and glass
(increase by 1—1.5% with an increase in the field to
0.4—0.63T) [12, 17, 30]. On the other hand, it can be
seen from the figure that the values of the MR for this
magnetite film are several times greater than the values
for the magnetite film grown on an ultrathin SiO, layer
at 300°C (curve (b)). We connect this significant dif-
ference with the fact that, in the case of the ultrathin
layer of SiO,, the electric current flows not only
through the Fe;O, film, but also through the Si sub-
strate. Thus, our recent investigation [31] of the elec-
trical conductivity of the Fe;O, film grown on a 5-nm
Si0,/Si(001) layer showed that, at room temperature
there is a second channel of conductivity through the
Si(001) substrate due to the thermionic emission of
electrons into it.

4. CONCLUSIONS

Polycrystalline films of magnetite on the surface of
Si(001) substrates coated with an ultrathin layer of
SiO, have been grown by the method of the reactive
deposition of Fe in an O, atmosphere. A comparative
analysis of the experimental data obtained by the meth-
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ods of transmission electron microscopy (TEM) and
reflection high-energy electron diffraction (RHEED)
has been performed. In contrast to TEM, the data
obtained by the RHEED method have shown the
presence in the film of magnetite of a texture, the axis
of which was normal to the SiO,/Si(001) surface. It
has been revealed that the films grown at a low tem-
perature contain grains with a (100) orientation. With
an increase in the growth temperature of 200—400°C,
the volume fraction of grains with the preferred (311)
orientation increases, while that with the (100) orien-
tation decreases. The angular deviation A¢ of the
direction [311] from the axis of the texture is equal to
~15° and is independent of the temperature of the syn-
thesis of the films.

The study of the conductivity of the Fe;O, films as
a function of the value of the applied external mag-
netic field has shown that an increase in the tempera-
ture of synthesis leads to an increase in the magneto-
resistance.
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