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We report preparation and investigation of p-n heterostructures consisting of ferrimagnetic p-type Fe;O4 layers
grown on and n-type Si substrates and n-type layers of indium oxide (I0) and tin-doped indium oxide (ITO). The
Fe;0, films (d = 60 to 600 nm) were deposited in-situ by a reactive dc magnetron sputtering at T = 350+450°C. Thin
10 (ITO) films (d = 200500 nm) were prepared on YSZ(100) substrates at 250+-600°C by sputtering of pure In or In-
Sn alloy (91:9) target. The Fe;04/n-Si heterostructures demonstrated nonlinear current-voltage (I-V) dependencies in
a wide temperature range (T =78+300K) meanwhile similar I-V curves measured for the Fe;0,/(10)ITO
heterostructures showed asymmetry and nonlinearity only at T < 120K.
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Introduction

In recent years, an increasing research activity was
focused on colossal magnetoresistance manganites (La.
AMnO; A = Ca, Sr, Ba), magnetite (Fe;O4), CrO, and
other mixed valence ferromagnetic oxides. Presence of
spin-polarized carriers is a unique property of all these
oxides making them attractive for a number of
applications in spin-electronic devices utilizing high spin
polarization [1]. Spin-polarized electrons passing through
intergrain boundaries, elaborated tunneling and Schottky
barriers [2] as well as p-n heterostructures are expected
to show a large value of magnetoresistance (MR).

Magnetite, Fe;04, with an inverse cubic spinel
structure (a = 10,8396 nm) exhibit electrical conductivity
(p =10 mQcm at T =300 K) due to a hopping of spin-
polarized electrons between ferrimagnetically ordered
Fe’" and Fe'" ion states. High Curie temperature
(T, =858 K) of the oxide is an important advantage
compared to other half-metallic oxides for room
temperature applications. Fabrication of magnetic tunnel
junctions using Fe;O, thin films has attracted
considerable attention over the past few years [3].
However, up to now there were only limited attempts to
prepare magnetic p-n junctions containing Fe;Oy. In this
work, we report the results of preparation and
investigation of p-n heterostructures consisting of p-type
Fe;04 layers grown on n-type conducting 10 (ITO)
layers, and n-type Si substrates.
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I. Film Growth and Characterization

The p-n device structures were prepared by growing
p-type Fe;O4 layers on both n-Si(111) substrates and n-
type layers of either indium oxide (IO) or highly
conducting tin-doped indium oxide (ITO). Fe;04 thin
films with typical thickness ranging from 60 to 600 nm
were deposited in-situ by a reactive dc magnetron
sputtering at T =350+450°C. A disk of metallic Fe
(35 mm in diameter and 0,5 mm thick) was used as a target.
Film growth was performed in Ar : O, gas mixture (10:1)
ambient keeping partial oxygen pressure in the vacuum
chamber of about 0,16 Pa. After deposition, the films were
cooled down slowly to a room temperature under the same
oxygen pressure conditions. To prevent possible film
bombardment by high energy ions during deposition, the
substrates were positioned in the “off-axis” configuration
at a distance of 30-60 mm from the symmetry axis of the
discharge and 20-25 mm above the target plane. It is
important to note that in such a case, both thickness of
the grown films and film composition (Fe and oxygen
ratio) depended on the distance between the target and a
certain position on the substrate.

Non-doped 10 and tin-doped indium oxide (ITO)
thin films with thickness ranging from about 200 nm to
500 nm were prepared on lattice-matched YSZ(100)
substrates (ajo = arto (1,01-1,03 mm) = 2ayg;) by
sputtering pure In or In-Sm (91:9) alloy targets.
Temperature of the substrates during film growth was
kept at 250+600°C. Sputtering was performed in Ar:O,
gas mixtures (4:1) at a pressure of about 5 Pa.
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Fig. 1. The interface resistance vs temperature plots
measured the Fe; 50.4/n-Si heterostructures with three
different Fe; sO4 layers: /- nonstoichiometric Fe; sO4
exhibiting oxygen excess, 2- stoichiometric Fe;Oy,
and 3 — stoichiometric Fe;O4 containing negligible
amount of Fe clusters.
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Fig.2. The current-voltage characteristics measured at
T=300K and 78K for the Fe;;04/n-Si
heterostructures with three different Fe; ;0,4 layers:
nonstoichimetric Fe; 50, with excess oxygen content
(doted line), stoichiometric Fe;O, (solid line) and
stoichiometric Fe;O, containing Fe clusters (dashed
line).

Crystalline structure of the grown films was studied
by measuring their ®-20 X-ray diffraction (XRD)
spectra, and studying high-energy electron diffraction
(RHEED) images while atomic force microscopy (AFM)
was employed to study surface quality of the films.
Transport properties of the films were investigated in a
wide range of temperatures (T = 78+300 K) by applying
four point-probe method. Meanwhile three point-probe
method was applied to investigate interface resistance
and I-V dependencies of the prepared p-n device
structures.
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II. Results and Discussion

The magnetite films were patterned by putting
mettalic foil mask with a set of opened squares
(1 x 1 mm?) on the substrates prior to film deposition to
estimate contact resistance of the interfaces (between p-
Fe; 504 layers and n-Si or underlaying ITO(IO) layers) as
well as to study the corresponding current-voltage (I-V)
characteristics. The current versus voltage (I-V)
dependencies were measured in a wide temperature range
(T =78+300 K) by passing dc current [=0+100 pA and
using metallic In pads as electrodes.

Fe; 504/n-Si heterostrutures. Figure 1 demonstrates
the interface resistance versus temperature for three
different Fe; 50,4/Si heterostructures. Curve 2 in this

figure corresponds to the heterostructure with
stoichiometric Fe;O4 layer while curves 1 and 3 were
measured for similar heterostructures containing

magnetite layers with excess oxygen content (film with
Fe,0; inclusions) and oxygen deficiency (with negligible
amount of mettalic Fe clusters), respectively.

Figure 2 demonstrates current-voltage (I-V)
dependencies measured for the same heterostructures at
T =300K and 78 K. Clearly defined rectifying behavior
typical for semiconductor p-n diode structures have been
indicated for the heterostructures both at room
temperature and at T =78 K. It can be seen from Fig. 2
that differential resistance of the heterostructures at zero
bias (R4 =dV/dl) increased significantly with cooling
down to T=78K. In all cases, current through the
interface was found to increase steeply with forward bias
(V >0) at a certain critical value V4 (diffusion voltage)
corresponding to the mismatch between band structures
of p-Fe; 504 and n-type Si. It leads from Fig. 2 that the
heterostructure with enhanced oxygen content in the
magnetite layer has greater influence on electrical
properties of the interface compared to that containing
oxygen deficient magnetite layer (see doted and dashed
curves in the Figure 2, respectively,).

Fe;504/(I0)ITO heterostrutures. Relatively low
interface resistance and almost linear current versus
voltage dependencies were measured for the Fe; ;0,/1TO
heterostructures in the whole temperature region
(T =78+300 K). Presence of intermediate 10 layer with
reduced carrier density (compared to that of ITO layer)
resulted significant increase of interface resistance and
revealed nonlinear properties of the heterojunctions. The
interface resistance versus temperature plots measured
for two different Fe;0,/I0(ITO) heterostructures are
presented in Figure 3. Curve 1 in this figure corresponds
to the heterostructure containing stoichiometric Fe;O4
overlayer while curve 2 was measured for similar
heterostructure containing non-stoichiometric (oxygen
deficient) magnetite layer.

Figure 4 demonstrates current-voltage (I-V)
dependencies measured at T=78K for a set of
Fe; 504/(IO)ITO  heterostructures  containing Fe; 504
overlayers with different Fe/O ratios (different oxygen
content). In all theese cases, current flowing through the
10/ Fe; 50,4 interfaces increased nonlinearly with bias
voltage (V) increasing. Significant nonlinearity and
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Fig. 3. The interface resistance versus temperature
measured for the Fe;50,/(I0)ITO heterostructures
containing stoichiometric Fe;O4 overlayer (1) and that
containing Fe clusters (2).
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Fig. 4. The I-V characteristics measured at 7=78 K for
the Fe; 504/(I0)ITO heterostructures with three different
Fe; 50,  layers: 1, 2 - nonstoichiometric
Fe; 50, exhibiting oxygen excess, 3- stoichiometric
Fe;O4, and 4 — stoichiometric Fe;O4 containing Fe
clusters.

clearly defined asymmetry of the I-V curves (in a case of
forward and reverse bias) were indicated for the
heterostructure with stoichiometric magnetite layer (see
curve 3) while reduced rectifying properties were
indicated for the heerostructures with nonstoichiometric
Fe; 504 layers. It is worth noting also that slight non-
linearity of the I-V characteristics were also seen at low
temperatures above the characteristic Verwey transition
temperature (T, ~ 120 K). However, almost linear I-V
dependencies were measured for all the prepared Fes.
504/(I0)ITO heterostructures at room temperature. The
observed linear I-V characteristics of the Fes.
s04/(I0)ITO heterostructures at 300 K may be
understood assuming tunneling of carriers through the
interface between highly conducting 10 and Fe;50,
layers. Significant resistance increase observed for
magnetite at T = Ty (the Verwey transition temperature)
have been associated to charge ordering and occurance of
energy gap in the energy spectrum of Fe;O,4. Nonlinearity
and asymmetry of the I-V curves of the Fe; ;04/(10)ITO
heterostructures at T < Ty may be explained taking into
account creation of a depletion region due to reduced
carrier concentration at the interface similar to a typical
semiconductor p-n junction.

Summarizig

We conclude that p-n heterostructures containing p-
type Fe;04 layers on n-type Si substrates demonstrate
rectifying behaviour in a wide temperature range
(T =78+300 K) while those prepared by growing Fe;O4
layers on indium oxide (IO) demonstrate nonlinear
current-voltage (I-V) dependencies only at low
temperatures (T < 120K).
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Y po6OTi MiArOTOBICHO 1 JOCHIIKEHO P-N FETEPOCTPYKTYPH, SIKi CKIIAAI0Thes 3 mapiB ¢pepomarnetuka FesO, p-
THUITy BUPOIIEHUX Ha MiJKiIagkax Si n-tuimy, mapiB okcuay inxiro (OI) n-Tuimy, a TakoX OKCHIY iHAIIO JIETOBAHOTO
onoBoM(I00). ITnieku Fe;04 (d = 60-600 HM) ocamKyBaln MarHeTPOHHUM PO3NMJICHHAM 3a TemmepaTtypu T = 300-
450°C. ToHki TIUIBKM OKCHAY IHMiI0O Ta OKCHUIY IHIiIO JieroBaHoro osioBoM ToBumHOKW (d=200-500 HM)
MIPUrOTOBJIEH] Ha miaknaaku Y SZ(100) 3a remmepatypu 250-600 °C po3nuieHHSM Ha YUCTHU iHIH abo Ha cruiaB In-
Sn (91:9). TI'erepoctpyktypu Fe;O4/n-Si 7eMOHCTPYIOTh HENiHiHY BOJNBT-aMIepHy XapakTepucTuky (I-V), sxa mae
3anexHicTs B nriamasoni Temmepatyp (T = 78-300 K), a mist rerepoctpykryp Fe;04/(0I)IOO nmokazana acumerpist Ta

HeJNiHIHHICTD TUTBKH 3a Temneparypu T < 120 K.



