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Goštauto 11, LT-01108 Vilnius, Lithuania

bInstitute of Physical Electronics of Kaunas University of Technology
Savanoriu 271, Kaunas, Lithuania

We report preparation and investigation of p−n heterostructures based

on Fe3O4 thin films grown on semiconductor Si and GaAs substrates. Fe3O4

films with thickness ranging from 60 to 300 nm were grown at 350 ÷ 450◦C
using dc magnetron sputtering technique. The measurement of X-ray diffrac-

tion and reflection high energy electron diffraction revealed polycrystalline

microstructure of thin Fe3O4 films deposited on both Si and GaAs sub-

strate. Investigation of surface composition by X-ray photoelectron spec-

troscopy showed that Fe 2p peak consists of three main peaks, namely, metal-

lic iron Fe(0), Fe(II), and Fe(III). Transport measurements of Fe3O4/n-(Si,

GaAs) heterostructures demonstrated nonlinear current–voltage (I−V ) de-

pendences in the temperature range from 300 K to 78 K.

PACS numbers: 73.40.–c, 73.40.Gk, 81.15.Cd

1. Introduction

The next generation spintronics devices combining the advantages of mag-
netic materials and semiconductors are expected to be non-volatile, fast and capa-
ble of simultaneous data storage and consuming less energy. The major challenges
for the developing of these devices is the integration of magnetic and semiconduc-
tor materials. One of the most suitable candidates for this type of system could
be a half-metallic magnetite, Fe3O4 [1]. The ferrimagnetic Fe3O4 is an attractive
material due to high Curie temperature (TC ≈ 860 K) and high spin polarization
(close to 100%) at room temperature. Fe3O4 has a strongly correlated electron
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system and undergoes a simultaneous structural and electronic transition at the
characteristic Verwey transition temperature (TV ≈ 120 K) [2]. Up to now the
p−n structures containing Fe3O4 have rarely been studied. Thus, the challenge
would be to synthesize high quality magnetite films on semiconductor substrates
such as Si and GaAs.

The goal of this work was preparation and study of diode type heterostruc-
tures consisting of n-GaAs or n-Si substrates with overgrown p-Fe3O4 films. Spe-
cial attention was paid to the search of optimal growth conditions, characterization
of individual films and heterostructures, and investigation of their transport prop-
erties.

2. Experiment

Thin Fe3O4 films with thickness ranging from 60 to 300 nm were grown
in situ at 350 ÷ 450◦C by a reactive dc magnetron sputtering on GaAs and Si
substrates. A metallic iron disk was used as a target. Positioning the substrates
in the “off-axis” geometry at different distance from the target enabled us to vary
both thickness of the grown films and film composition (Fe to oxygen ratio). The
magnetite films were patterned by putting metallic foil mask with a set of opened
squares (1 × 1 mm2) on the substrates prior to film deposition. The film growth
was performed in Ar:O2 gas mixture (30:1) keeping partial oxygen pressure in the
vacuum chamber of about 0.16 Pa. After deposition, the films were cooled down
slowly to room temperature under the same oxygen pressure conditions.

Microstructure of the films was studied by means of X-ray diffraction (XRD)
and reflection high energy electron diffraction (RHEED) techniques. X-ray photo-
electron spectroscopy (XPS) was employed to study surface composition of Fe3O4

films. Transport properties of the films were measured in a wide range of temper-
ature from 78 to 300 K by applying standard four point-probe method and using
dc current of about 10–100 µA. The interface resistance and current vs. volt-
age (I−V ) dependences of the heterostructures were measured by applying three
point-probe method (with current flowing through the interface between p- and
n-type materials).

3. Results and discussion

The analysis of XRD spectra measured for the Fe3O4 films, deposited on
substrates kept at different distances from the discharge symmetry axis, showed
both thickness variation of the grown films and film composition deviation (Fe
and oxygen ratio) from the stoichiometric compound. The XRD spectra of the
films grown on the substrates kept near the symmetry axis of the discharge (at a
distance of about 30÷ 35 mm) demonstrated reflexes corresponding to the Fe3O4

phase and traces of reflexes corresponding to a negligible amount of Fe clusters.
Spectra of the films prepared on the substrates positioned at a distance of 45 mm
from the symmetry axis of the discharge exhibited XRD peaks attributed only to
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the stoichiometric Fe3O4, meanwhile weak reflexes of Fe2O3 phase appeared in the
spectra with increasing the distance up to 60 mm.

Analysis of the Fe3O4 films surface composition carried out by XPS showed
that Fe 2p peak consists of three main peaks, namely, metallic iron Fe(0), Fe(II),
and Fe(III), accompanied with typical Fe(II) peaks at 715 eV and 728 eV and small
Fe(III) peak at 719 eV. After appropriate peak area calculation, it was found that
the Fe 2p3/2 peaks ratio of metallic iron Fe(0), Fe(II), and Fe(III) ions in our
deposited films is 14.6%, 46.4%, and 39.1%, respectively.

Electrical measurements of the prepared Fe3O4/Si and Fe3O4/GaAs het-
erostructures demonstrated typical semiconductor-like increase in the interface
resistance with temperature decreasing down to 78 K. Figure 1 demonstrates
current–voltage dependences measured at T = 300 K and 78 K for the
Fe3−δO4/n-Si heterostructures with three different Fe3−δO4 layers: Fe3−δO4 with
small content of Fe2O4 phase (dotted line), stoichiometric Fe3O4 (solid line), and
stoichiometric Fe3O4 containing Fe clusters (dashed line). Clearly defined recti-
fying behaviors have been indicated for the heterostructures both at room tem-
perature and at T = 78 K. It can be seen from Fig. 1 that differential resistance
of the heterostructures at zero bias (Rd = dV /dI) increased significantly with
cooling down to T = 78 K. In all cases, current through the interface was found to
increase steeply with forward bias (V > 0) at a certain critical value Vd (diffusion
voltage) corresponding to the mismatch between band structures of p-Fe3−δO4

and n-type Si.

Fig. 1. I−V characteristics measured at T = 300 K and 78 K for the heterostructures

with different Fe3−δO4 layers: Fe3−δO4 with small content of Fe2O4 (dotted line), stoi-

chiometric Fe3O4 (solid line), and Fe3O4 with Fe clusters (dashed line).

Fig. 2. I−V dependences measured for the Fe3−δO4/GaAs heterostructures at 300 K

(open symbols) and 78 K (filled symbols).

Figure 2 presents the results of transport measurements of similar het-
erostructures containing different films grown on n-type GaAs substrates. It is
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seen from Fig. 2 that influence of oxygen content on the I−V characteristics is
different compared to that for the Fe3−δO4/Si heterostructures. As a possible
reason we point out an interface layer appearing between Fe3O4 and GaAs during
film growth. Tunneling of electrons and holes through this interlayer may result in
nonlinear and nearly symmetric I−V curves. Absence of magnetic field influence
on electrical properties of the heterostructure shows that this interfacial layer is
probably a magnetically “dead” layer.

In conclusion, we have studied the growth, microstructure and transport
properties of Fe3−δO4/n− (Si, GaAs) heterostructures. The influence of oxygen
content in Fe3−δO4 film on the I−V characteristics of the interfaces was demon-
strated. The I−V dependences measured for the Fe3−δO4/n-Si heterostructures
exhibited strong rectifying behavior both at room temperature and at T = 78 K,
meanwhile the transport measurements revealed nonlinear and almost symmetric
current vs. voltage curves for the Fe3−δO4/n-GaAs heterostructures.
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