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Taking into account the available experimental results, we model the electronic properties and current-voltage
characteristics of a ferromagnet-semiconductor junction. The Fe/GaAs interface is considered as a Fe/(i-GaAs)/n+-
GaAs/n-GaAs multilayer structure with the Schottky barrier. We also calculate numerically the current-voltage
characteristics of a double-Schottky-barrier structure Fe/GaAs/Fe, which are in agreement with available experi-
mental data. For this structure, we have estimated the spin current in the GaAs layer, which characterizes spin
injection from the ferromagnet to the semiconductor.
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1. Introduction

One of the key issues in spintronics is the problem of
e�cient spin injection and spin manipulation in semi-
conductors [1]. It is well known that when spin-polarized
electrons are directly transmitted from a ferromagnetic
metal into a semiconductor, e�ciency of such spin injec-
tion is usually very low [2, 3] because of a large di�er-
ence in the conductivities of the metal and semiconduc-
tor [4, 5]. However, a tunneling barrier between the metal
and semiconductor can help in maintaining the spin ef-
�ciency relatively high [6, 7]. Accordingly, the Schottky
barrier at the metal-semiconductor interface [8] attracted
a lot of attention since it can act as a natural tunnel bar-
rier separating the semiconductor and the ferromagnetic
metal.

The Schottky barrier [9�10] with optimal parame-
ters for spin injection can appear only at certain con-
ditions related to the physical processes at the metal-
semiconductor heterojunction. All the parameters of the
Schottky barrier, such as its height and width and the en-
ergy pro�le, mostly depend on the distribution of dopants
in the semiconductor near the interface. When the ex-
ternal voltage is applied to the barrier, the accumulated
electric charge related to redistribution of electrons and
holes strongly a�ects the energy pro�le. Apart from
this, a nonequilibrium spin accumulation appears near
the ferromagnet-semiconductor interface, which a�ects
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transport of electrons and holes in di�erent spin chan-
nels.
Our main objective is to �nd optimal regimes of charge

and spin transport through the Schottky barrier, where
spin injection to the semiconductor is e�cient. To do
this we simulate physical processes in the junction, taking
into account modi�cation of the electronic energy struc-
ture near the interface as well as the spin and charge
accumulation in a nonequilibrium situation. As a result
of the numerical simulations, we obtained the current-
voltage characteristics of the Fe/GaAs/Fe junction with
a double Schottky barrier. These results are in satisfac-
tory agreement with the I−V characteristics obtained ex-
perimentally on the Fe/n+-GaAs/n-GaAs/n+-GaAs/Fe
heterostructure which works as the double Schottky bar-
rier.

2. Model

We describe the charge and spin transport in
ferromagnet-semiconductor structures in terms of a semi-
classical model, with thermally activated electrons and
holes near the metal-semiconductor interface. This
model properly describes transport properties at room
temperatures, where the thermally activated conduc-
tivity is much larger than the under-barrier tunneling.
In the semiclassical approximation we have to calculate
spin-resolved pro�les for the electrostatic potential, spin-
polarized electron and hole densities, and the chemi-
cal potential. The key point of the simulations is self-
consistency, which is especially important for a large de-
viation of the system from equilibrium. The heterostruc-
ture under consideration is shown schematically in Fig. 1.
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Fig. 1. Schematic view of the Fe/GaAs/Fe het-
erostructure with two Schottky junctions.

The doping concentration is ND = 5 × 1016 cm−3.
For lower doping concentration, the conductance is sig-
ni�cantly reduced. The 30 nm n+-GaAs layer of en-
hanced donor concentration assures e�cient spin injec-
tion trough the barrier [11, 12].

The Poisson equation, which accounts for space distri-
bution of the total charge, determines the electrostatic
potential φ(x),

−∇2φ = 4πe (n+N−a −N+
d − p), (1)

where the electron and hole concentrations, n = n(x) =
n↑(x)+n↓(x) and p = p(x) = p↑(x)+p↓(x), respectively,
are calculated from the corresponding spin components
determined by spin-resolved chemical potentials µσ(x),
while N−a (x) and N+

d (x) are the densities of ionized ac-
ceptors and donors. The electric current in each spin
channel is related to the gradient of the corresponding
chemical potential, jnσ = µnnσ∇µσ for electrons and
jpσ = µppσ∇µσ for holes, where µn and µp are the mo-
bilities of electrons and holes. The di�erence of chemical
potentials in each spin channel at the ends of a sample is
determined by the external voltage V .

The energy band diagram in Fig. 2 shows schemat-
ically the equilibrium pro�les of the conductance (εc)
and valence (εv) band edges in GaAs in the double
junction structure. The curvature of the band edges
is due to the spatial variation of electrostatic potential,
εc,v = εc0,v0 + eφ, where εc0,v0 describe the band edges
in the corrresonding bulk semiconductor.

Fig. 2. Energy band diagram of the double metal-
semiconductor junction in thermal equilibrium. Here
µ is the equilibrium chemical potential, ∆εd and ∆εa
describe the donor and acceptor levels, respectively, εg
is the energy gap, while ε0 denotes the work function.

3. Results

The results of numerical calculations of the distribu-
tion of electrons, holes and ionized donors in the bi-
ased Fe/n+-GaAs/n-GaAs/n+-GaAs/Fe heterostructure
are presented in Fig. 3. Here we take ND = 5×1016 cm−3
for n-GaAs, N+

D = 3 × 1018 cm−3 for n+-GaAs, and
ε0 = 0.84 eV for the work function. A constant current
j = 5 × 10−6A/cm2 �ows through the structure due to
an external voltage, see also the inset of Fig. 3. One can
also note, that variation of the electron density is corre-
lated with the density of ionized donorsN+

d (x) within the
entire sample. From detailed analysis of the technology
process and available experimental data on Fe/GaAs/Fe
structures [13] follows that an important element of the
modeling of electric properties of such structures is an ad-
ditional thin layer of i-GaAs (GaAs strongly doped with
Fe), which can be formed in the vicinity of Fe/GaAs in-
terface [14, 15]. This is due to di�usion of Fe atoms into
GaAs, which strongly a�ect the properties of GaAs semi-
conductor making it almost insulating due to the deep-
acceptor properties of Fe in GaAs [16]. The variation of
I−V characteristics with the change of acceptor density
in the n+-GaAs layer is presented in Fig. 4.

Fig. 3. Spatial distribution of donors, electrons
and holes in Fe/n+-GaAs/n-GaAs/n+-GaAs/Fe het-
erostructure under a constant current. The inset shows
the pro�les of the electrostatic potential and the charge
density along the sample.

Due to the ferromagnetic elements of the junction,
a spin accumulation may appear in the nonequilibrium
state. This accumulation can be included in the numer-
ical simulations in terms of the approach developed in
Refs. [17] and [4]. In this approach, the spatial variation
of the chemical potential is described by the following
equation

dµ↑,↓
dx

= − e

σ↑,↓
j↑,↓, (2)

with linear relations between the spin-resolved and total
conductivities and currents

σ↑ = ασ, σ↓ = (1− α)σ,
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Fig. 4. Voltage dependence of electric current for dif-
ferent acceptor density in n+-GaAs layer. The inset
shows the dependence of resistivity on applied voltage
for di�erent densities of acceptors.

j↑ = βj, j↓ = (1− β)j, (3)

where the coe�cients α and β describe speci�c properties
of the junction. Taking into account Eqs. (2) and (3),
one arrives at the following equation for the di�erence
between electrochemical potentials for the spin-up and
spin-down electron channels,

d(µ↑ − µ↓)
dx

= − β − α
α(α− 1)

ej

σ
. (4)

Having found the electrochemical potential and current
in both spin channels, one can calculate the spin current
density js as js = ~(j↑ − j↓)/2e.

Fig. 5. Current-voltage and spin-current-voltage char-
acteristics for α = 0.501 and β = 0.5.

The results of numerical calculation of the charge and
spin current densities are presented in Fig. 5. For sim-
plicity, we assumed there some e�ective values of the pa-
rameters α and β; α = 0.501 and β = 0.5. We note
that the spin polarization of transferred current strongly
depends on the factors α and β, which characterize the
interfaces. In particular, at the ferromagnetic side of the
interface, they are determined mainly by the di�usion
constant and spin-�ip relaxation time [17].

4. Conclusions

Using the semiclassical approach we have calculated
the current-voltage characteristics and spin current in
Fe/GaAs/Fe double-Schottky-barrier structures. Our re-
sults are in satisfactory agreement with experimental re-
sults of Ref. [13]. We have found that the electrical prop-
erties of Fe/GaAs strongly depend on the formation of an
additional thin insulating i-GaAs layer near the interface
due to di�usion of Fe atoms into GaAs. The spin injec-
tion through the interface is mostly determined by the
conductive properties of Fe near the interface and by the
spin-�ip scattering in this region.
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