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Abstract—This work studies the voltage dependence of mag-
netoresistance in a semiconductor spin injection and detection
structure. The voltage dependence of the spin dependent in-
terface resistance at a ferromagnet semiconductor interface is
investigated and spin diffusion models are used to evaluate
the voltage dependence of magnetoresistance. We find that the
voltage dependence of magnetoresistance is similar to that in
magnetic tunnel junctions. Using our model for spin injection
in a ferromagnet-oxide-semiconductor junction, the variation of
magnetoresistance ratio with semiconductor doping and oxide
thickness has been studied.

I. INTRODUCTION

Injection of spin polarized current into semiconductors has
garnered great interest recently with applications to FETs and
memory devices. Since the pioneering proposal of the spin
transistor by Datta and Das [1], several experiments have
confirmed the possibility of spin injection into semiconductors
like GaAs and Si. Experiments on GaAs have been based
on optical and electrical detection [2]-[4] while those on
Si have utilized all-electrical effects such as non-local mea-
surements [5] or the use of hot electron spin injectors [6].
Magnetoresistance (MR) devices based on spin injection and
detection through semiconductors suffer from the problem of
conductivity mismatch [7] between the ferromagnetic spin
injector and the semiconductor layer. It has been shown
that by using a suitable spin dependent interface resistance
the problem of conductivity mismatch can be overcome [8].
This work studies in more detail the MR properties of a
semiconductor layer sandwiched between ferromagnetic layers
using spin dependent tunneling resistance to overcome the
conductivity mismatch problem. In particular, we develop a
numerical model to account for aspects important in practical
spintronic devices: the voltage dependent interface resistance
and magnetoresistance and the voltage and charge distribution
in the depletion region of the semiconductor. An analysis of
relevant semiconductor and oxide parameters is performed to
design structures with an optimized MR ratio.
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Fig. 1. Schematic diagram of semiconductor spin injection and detection
structure. When a voltage is applied to the structure, one junction is forward
biased and the other is reverse biased

A typical semiconductor spin injection and detection struc-
ture consisting of a semiconductor layer sandwiched between
two ferromagnetic layers is shown in Fig. 1.

Tunnel barriers are used as a spin dependent interface
resistance. Spin transport simulations are based on the 1D
spin diffusion model as proposed by Fert and Jaffres [9].
The spin dependent interface resistance is one of the most
crucial parameters in spin diffusion simulations as it controls
the splitting of electrochemical potential at an interface. The
following sections briefly describe the mathematical equations
used to model spin diffusion and interface 1-V characteristics.

METHODOLOGY

A. Sin diffusion model

Using the approach of Valet and Fert [10], a macroscopic
model for spin diffusion in a multilayer stack of materials is
characterised by spin diffusion equations. A short review of
the mathematical model used is provided here.

AL Ap
e )
022 lff
P(osps +o-p-)
= 2
952 0 )

The spin diffusion is described in terms of the difference
in electrochemical potentials for electrons with spin +% and
spin —% by (1). The parameter ls¢ called the spin flip
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length is characteristic of the material. Current continuity is
ensured through (2). The subscripts here refer to electrons
with spin +% and spin —%. Thus w4 and p— represent the
electrochemical potentials and the conductivity is represented
by o, and o_. The conductivity itself is modeled in terms of
material parameter 5 using (3).
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The resistivity p; and p; refer to the resistivity for the
majority and minority electrons respectively in the material.
This notation T (]) is also used to label other variables
majority(minority) electrons. A general solution to this set of
equations can be written as follows. Note that K1, K2, K3 are
constants for every layer and we need to choose appropriate
values for these constant that satisfy boundary conditions.
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For non-magnetic material layers, the same equations apply

but 5 = 0. Under the assumption that current continuity is

maintained and there is no spin flipping at an interface, we

have the following boundary conditions at interface z = zg in

terms of an interface resistance area product parameter ; and
spin selectivity parameter ~.

Apr(20) = 2qry (1 — )y 8
Apy(20) = 2qry (1 +7)J, ©)

These equations have been formulated in the transfer matrix
formalism. This makes it suitable for studying multilayer
devices with interfaces and also semiconductors with graded
doping where the spin diffusion properties vary with semicon-
ductor doping density.

B. Model for the interface |-V characteristics

As shown in Fig. 2 a simple model for a ferromagnet band
structure consists of a majority and a minority band which
are split due to exchange interaction. The current for each
band is calculated by treating the majority and minority bands
independently. Using the Tsu-Esaki model, the current through
the interface for one band is given by (10).
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Fig. 2. The exchange splitting between the electrons in the majority and
minority bands of the ferromagnet gives rise to a spin dependent contact
resistance

where mc.¢r is a density of states effective mass, h is
Planck’s constant, n is the electron tunneling probability and
Ny is a supply function which depends on the Fermi energy
in metal and semiconductor.

With an assumption of parabolic bands, Fermi Dirac statis-
tics for electrons in the conduction bands and when the
transmission probability is assumed to be independent of the
parallel wave vector at the interface, the supply function N;.:

is given by (11).

)

where €, is the Fermi energy in the metal, €45 is the
Fermi energy in the semiconductor, k;, is the Boltzmann
constant and 7' is the absolute temperature.
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To calculate the tunneling probability for a given applied
voltage, the depletion region and band structure in the semi-
conductor region is calculated by solving the 1D Poisson
equation and using equilibrium charge concentrations con-
sistent with the band bending. The value of the tunneling
transmission probability is then calculated using the transfer
matrix formalism for tunneling problems. Fig. 3 shows the
calculated majority and minority currents for spin injection
into n-type Si with an Al;O3 tunnel barrier. The interface
resistance depends upon the tunnel barrier thickness and the
semiconductor Schottky barrier. The spin dependence of the
tunneling currents is mainly due to the lack of minority states
near the Fermi energy in the ferromagnet.

I11. VOLTAGE DEPENDENCE OF MAGNETORESISTANCE
RATIO

Since previous simulations have used a constant spin de-
pendent interface resistance, they fail to capture the effect of
the voltage dependence of a tunnel barrier interface resistance
and also the fact that 1-V characteristics of a tunnel barrier are
not necessarily symmetric for positive and negative voltages.
The spin dependent interface resistance is modeled as in [9]
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Fig. 3. Simulated currents for majority and minority bands. The structure

used is metal (¢, =4 eV, Ef =22¢eV,=22¢eV) Al2O3 (8 Angstrom) Si
(N- type doping 1016 cm—3)
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Fig. 4. \oltage dependence of magnetoresistance for structure in Fig. 1. The
interface resistance and spin selectivity is calculated using the current voltage
characteristics shown in Fig. 3. Length of the semiconductor channel is 200
nm.

in terms of constant parameters r;, (interface resistance area
product) and « (spin selectivity). Thus the interface resistance
area product is 2r,(1 — ~) for the majority electrons and
2ry(1 4 ~) for the minority electrons. Here however the
computed I-V characteristics for majority and minority bands
are used self consistently with the majority and minority
electrochemical potentials in the spin diffusion simulations to
compute 7, and ~ (a voltage and spin dependent interface
resistance for each interface). As shown in Fig. 4, the MR of
these structures is maximal when the potential drop across the
structure nears zero volts.

This is similar to the experimentally observed characteristics
of magnetic tunnel junctions [11]. Figs. 5 and 6 show that both
interface resistance area product and the spin selectivity of the
forward and reverse biased contacts are very different and they
vary substantially with voltage applied to the structure.
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Fig. 5. \oltage dependence of interface resistance area product for sim-
ulations in Fig. 3. Reverse biased junctions show a substantial increase in
interface resistance area product with applied voltage

Fig. 6. \oltage dependence of spin selectivity of the interfaces shows that
the forward and reverse biased junction have very different spin selectivity
which varies significantly with the applied voltage

IV. EFFECT OF MATERIAL PARAMETERS ON
MAGNETORESISTANCE

Using the MR at zero volts as a metric, we study the effect
of parameters such as oxide thickness, semiconductor doping
and ferromagnet band structure. The spin selectivity of tunnel
barrier is affected most strongly by the ferromagnet band
structure. As we approach a half metallic ferromagnet with
the minority conduction band minimum at or above the Fermi
level, the spin selectivity improves greatly since the Fermi
distribution ensures that minority currents are low. In this
model the oxide thickness does not affect the spin selectivity
but needs to be tuned for the appropriate contact resistance
area product. For crystalline MgO this model is inadequate
and it is expected that spin selectivity will increase with
oxide thickness. The semiconductor doping determines the
required interface contact resistance area product which itself
is determined by the metal work-function, the oxide thickness
and the semiconductor doping. We study the effect of these
parameters on MR. In Figs. 7,8 and 9 the variation of MR
at zero volts with oxide thickness, semiconductor doping and



Fig. 7. Ferromagnet work function = 3.8 eV. A low work function gives
higher MR due to a lower resistance area product and higher spin selectivity
at the interfaces

Fig. 8. Ferromagnet work function = 4 eV. Increasing the resistance area
product reduces the MR. Higher doping values need lower oxide thickness

metal work-function is shown. The tunnel barrier is Al;Os3,
the semiconductor is n-type Si and the ferromagnet is nearly
half metallic with the bottom of the minority conduction
band coinciding with the Fermi energy. A lower metal work-
function increases the MR significantly and for a given work-
function the plots show the optimal values of doping and oxide
thickness.

V. CONCLUSION

We demonstrate that the voltage dependence of interface
resistance captured by this numerical model, significantly
affect the resulting MR. The voltage dependence of MR is
moderate and comparable to that in magnetic tunnel junctions.
Our models and implementation are both general and efficient.
They can be used to study the effect of material parameters
as well as doping effects, bringing us closer to designing a
working spinFET.
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Fig. 9. For ferromagnet work function = 4.2 eV, the interface resistance area
products are too high and the maximum MR is close to only 30%
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