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Abstract

Simulation of the tunneling current as a function of voltage for a Zener diode where both sides are ferromagnetic have
been performed. The current is evaluated as a function of the voltage and of the magnetization on each side of the diode.
Calculations are made using an in—house developed simulator which solves Poisson, electron and hole continuity equation
self—consistently. The drift—diffusion model is used to calculate the charge carrier distribution. The current expressions
were modified to consider degenerate semiconductors. Our simulator includes a non-local tunneling transport model
which was modified to account for the spin polarization of the carriers. The tunneling magnetoresistance is obtained
from the I-V characteristics for parallel and antiparallel configurations of the magnetization vectors in each side of the
device. Two different devices were analyzed, one that corresponds to Mn doped GaAs in which the ferromagnetism
is stronger on the p side of the diode and the other that corresponds to ZnO where there are likely to be many more
carriers on the n side of the diode. We found good agreement between the results of our simulations and the theoretical
predictions of the tunneling magnetoresistance, especially at room temperature. We also found that larger band—gap

materials show larger tunneling current but lower tunnel magnetoresistance.
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1. Introduction

Diluted magnetic semiconductor (DMS) are considered
to be a new generation materials with the most potential
for the future developing of new spintronic technologies
and new spin based device applications. DMSs provide si-
multaneous control on the flow of the carrier charge and
spin[1]. Spintronics is motivated by the belief that spin sig-
nal processing may yield advantages in terms of processing
speed, power consumption or device density.

Since the prediction of high Curie temperature DMSs,
based on ITI-V semiconductors [2], the search of such ma-
terials is receiving much attention as they are keystone
for the developing of spintronics. In an optimally doped
DMS the density of carriers is approximately half of the
density of magnetic ions which is usually between = 5%
and x = 15% (x is the fraction of magnetic ions added
to the semiconductor). The well established DMS oc-
cur with one type of carrier. One of the most investi-
gated materials is the III-V material (Gaj_,Mn,)As in
which the Mn ion provides a localized spin S = 5/2 and
also contributes a hole [3]. The holes are degenerate and
strongly polarized at low temperatures [4]. Despite the
fact that non-ferromagnetic GaAs is easy to dope to both
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p type and n type, the ferromagnetic ITI-V doped mate-
rials are all p type. However there is much effort to find
a compatible n type ferromagnetic semiconductor [5, 6].
Magnetic properties have been seen also in a number of
magnetically doped oxides, particularly ZnO, TiO5 and
SnOy [7-9] all of which occur as n type semiconductors.
Even though there are experimental evidence of p-type
7m0, it is extremely difficult to dope and the samples show
very low conductivity and still they are not in the Zener
regime [10, 11]. There is growing interest in the develop-
ing of magnetic tunnel junctions based on (Zn;_.Co,)O
with different barriers [12, 13] because of its high Curie
temperature and promising magnetotransport [14-16].

A pn junction of two highly degenerated semiconduc-
tors makes a tunneling diode which has many applica-
tions [17] and adding magnetic functionality would enable
more devices such as magnetic switching of microwave de-
vices. Zener tunneling has been observed in a ferromag-
netic/nonmagnetic (GaMn)As/GaAs heterostructure [18]
and a high spin polarization is observed optically [19]. The
voltage dependence of the tunneling current in a spin—
polarized Zener diode, as shown in figure 1, is well fitted
by the theory of a non—magnetic diode [4]. We are devel-
oping analytical [20] and numerical models [21] to study
the transport in ferromagnetic Zener diodes. Using these
models we have predicted the dependence of the tunneling
current on the mean magnetization of the system and we

November 16, 2012



O J oy U WD

DA TN TR TGOS DDA DLDDAEDLDDAEDNWWWWWWWWWWWWNNNONMNNONNNNMNONNNR R R R R PR e
O WNRFROWVWO-JATDdWNROW®O-IAAUBRWNROW®OW-JdANU D WNRFROW®OW-TJNUP®WNR OWW-I0U D WN R O WO

have evaluated the tunneling magnetoresistance (TMR) in
a theoretical both—sided—ferromagnetic diode with differ-
ent spin—polarization ratios.

The charge and spin transport is simulated using the
drift—diffusion model [22, 23]. Our simulator solves the
Poisson and the electron and hole continuity equations
self—consistently using the finite difference technique. The
tunneling current is added to the total current using a
generation—recombination term. This term has been mod-
ified to take into account the different spin of the carriers
and therefore which of the tunneling assisted generation—
recombination processes are allowed depending on the spin
of the involved carriers.

The present paper is structured as follows: In section 2
we show the structure of our in—house simulator; section 3
explains the origin of the tunneling current and how it is
modeled in our simulator; section 4 shows the simulation
results performed on GaAs and ZnO diodes using two com-
mercial simulators, Atlas [24] from Silvaco and Sentaurus
Device [25] from Synopsys, and our simulator; in section 5
we explain how we model the spin splitting in our simula-
tor; in sections 6 and 7 we show the obtained results for
the simulations of the GaAs and ZnO based diodes also
comparing the results; finally the conclusions of this work
are summarized in section 8.

2. Simulator structure

Figure 2 shows the main steps of our in-house simula-
tor which mainly accounts the tunneling current through
the device as it is the main contribution to the TMR in
Zener diodes. Our simulator solves the Poisson equation
coupled with the electron and hole continuity equations.
It adds a tunneling generation/recombination term to the
continuity equations which is explained in next section.
This term is very sensitive to the shape of the energy band
edges in two ways: the band edges determine the tunnel-
ing probability as the potential barrier changes with them
and also to the local electric field that is affecting to the
carrier that is suffering the tunneling process. Therefore,
the model to obtain the spin—split energy bands will be a
sensitive factor in the final obtained TMR.

Our simulator has been developed to deal with degen-
erate semiconductor based devices. Both GaAs and ZnO
doped with Mn or Co show high carrier concentration with
the Fermi energy level in the carrier energy band instead
of the band gap. Therefore we have to implement modifi-
cations on the drift—diffusion model of the current through
the device to consider degeneration, thus avoiding the ex-
ponential approximation of the Fermi function in the car-
rier density calculation [26].

The expressions for the electron and hole currents are
obtained from the Boltzman transport equation (BTE) us-
ing a number of simplifications:

Jn = —GepinnV 6y (1)
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Figure 1: (a) Tunnel diode band diagram and (b) typical I-V charac-
teristic, showing the three contributions to the total current: tunnel,
excess and diffusion currents.

Jp = —ettppV bp. (2)
where ¢,,, ¢, are the Fermi pseudo—potentials and p,, 1y
are the mobilities for electrons and holes respectively.

The equations for the carrier currents can be expressed
in terms of a a drift term plus a diffusion term using the
carrier concentration formula, i.e. for electrons, assuming
parabolic bands:

n= NcF1/2 (M) 5 (3)
where B B
Fn — LLC
= —n ¢ 4
7 KT (4)

and F}/3(ny,) is the complete Fermi integral of index 1/2
for the electrons in the conduction band.
The carrier concentration gradient can be expressed as

Vn = NVFis(n) = NeF_1/2 () Vit =

VEg, — VEc
= NcF_y/3 () KT (5)

where the derivative of the complete Fermi—Dirac integral
of index 1/2, Fi/3(nn), is calculated using the following
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property of the complete Fermi-Dirac integral of index v,
F,(n), is

%Fu (1) = For (), (6)
and ) - w
B = T(v+1) /0 exp(t — ) + pdt @

where I'(v 4 1) is the gamma function.
Using that Epy, = —qen,

KgT

—qeVon = 55—
e st NCF—1/2 (nn)

Vn+ VEc, (8)

therefore the electron current expression (1) can be refor-
mulated as

KgT

fntt (NcF—l/Q (nn)
- (F1/2 (1)
"\ Fo1y2 ()

and using a similar procedure we can obtain the hole cur-
rent expression

> ( F1/2 (77p)
F_1/ (mp)

Jp = —tip
In previous equations, VE¢ and V Ey is the local electric

field in the device and the factors }fill/ /22(27;73), Ffill/j;?:,?)

be interpreted as correction factors to the diffusion coef-
ficients to account for the local degeneration level of the
semiconductor.

The equations for the drift—diffusion model, obtained
from the BTE, are quite limited due to the considered
simplifications. They are only valid when the electric field
takes relatively low values. Moreover, although we have
included a degeneration factor to consider high carrier
concentrations, this approximation is very limited because
parabolic bands are considered in the BTE simplification
and this becomes false as the degeneration increases. How-
ever, bearing in mind that we are in the limit of the do-
main of validity of the drift—diffusion model, we still have
performed the simulations using this model because of the
computational low—cost of the calculations and also be-
cause it still can give some important insight into the be-
havior of such ferromagnetic devices.

The simulator initially solves the Poisson equation us-
ing Neuman boundary conditions to obtain a first solution
to the electrostatic potential and carrier concentrations.
After this, it performs two external iterations to solve
the Poisson equation and the electron and hole continuity
equations self-consistently, using Dirichlet boundary con-
ditions: in the first iteration it solves those three equations
without considering tunneling to obtain a first approach to
the solution under a certain bias. In the second iteration, it
will add the tunneling current as a recombination term to
the continuity equations to obtain the final solution. This

i = Vn+ VEC>

KgTVn+ nVEc) , (9

KBTVp - pVEv> . (10)
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Figure 2: General flow chart of our in-house simulator.
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solution in two steps adds stability to the convergence of
the resolution of the system of three differential equations.

A general iteration of the simulator consists of the so-
lution of these three equations:

V(EVV) = ¢ (p—n+NjH—Ny)
- T pt e pt
v']n = de (Rtunh + Rtunh > (11)
- T pt ot
V']P = —Ce ( ’tunh + ’tunh )

where € is the dielectric constant, V' the electrostatic po-
tential, Ng the concentration of ionized donor impuri-
ties, N, the concentration of ionized acceptor impuri-
. el —pt . . . .

ties, Ry,, ' the tunneling recombination term of spin—up
electrons with spin—-down holes and Rf:; " the tunneling
recombination term of spin—down electrons with spin—up
holes. The model used in the calculation of these two
terms is explained in next section. Finally, after solving
those tree equations, the energy bands are updated and
the spin—splitting energy is recalculated using the model
explained in section 5.

3. Tunneling recombination term

The current through a tunneling diode has three com-
ponents [17]: the tunneling current, the excess current and
the diffusion current. The tunneling current is expected to
rise to a maximum at low voltage, about the smallest of
the distances between the Fermi level and the conduction
band in the n-side (e,/q.) and the valence band in the
p-side (e,/qe), we call €s/¢e to the smallest distance op-
posed to £1,/qe the largest distance. Then it falls to zero
when the bias increases over (g, +€,)/¢e 0O (€5 +£1)/ge,
see figure 1. This fall in the I-V curve is known as negative
resistance region (NRR) and is produced by the reduction
of the overlapping of the density of carrier functions in
both p and n sides [27] and the decrease of the tunneling
probability as the bias is increased. The last two com-
ponents of the current, the excess and diffusion currents,
become important for higher voltages out of the range of
interest in this paper.

The tunneling of carriers through the band-gap is an
important part of the carrier transport in highly doped pn
junctions. There are two tunneling mechanisms: the direct
transition from band to band and the trap assisted tunnel-
ing. The basic principles of the band-to-band tunneling
were explained by Kane [27]. The tunneling probability at
a energy level (g), obtained from the Wentzel-Kramers—
Brioullin (WKB) two—band approximation, is given by

u
T'(e) ~ exp {—2/ |/€(r)|dr} , (12)
l
where k(r) is the evanescent wave vector associated to the
carrier near the barrier and w and [ are the classical turning
points in the potential barrier, defined by the band edges

as shown in figure 3, where

ReRh

k(r) = m (13)

and .
Re == 2mome(e — E¢) (14)
. = 2o (B %) (15)

with Ec and Ey the conduction and valence band edge
energy in the classical turning points, respectively. The
combination of the two electron and hole wave vector en-
sures that the tunneling is electron like near the conduction
band, hole like near the valence band and mixed around
mid-bandgap energies.

The tunneling current density is described as follows:

Tunle) = L / T()pelfule +20) — file +20)|dedz; (16)

where p; = —rvgzzhmh is the 2—dimensional density of states
related to the two transversal wave—vectors, and f; and f,
are the Fermi—Dirac functions evaluated using the pseudo—
Fermi level for the majority carrier at the position of clas-
sical turning points [27].

The integral over the transversal energy ¢; can be solved
considering that the total energy of the carrier must be in
the range €jower < € + €+ < Eypper, see figure 3. The tun-

neling current for an energy range Ac is

kT \/mems
Adpun(e) = LE NV ()« D(e) x Ae,
om2h3

where D(e) evaluates the energy overlapping of the car-
riers at each side of the junction, measuring the number
of carriers available to tunnel with energy £ through the
depletion region from a classical turning point [ to u or
vice versa. It can be expressed as

{1 + exp <—EkFé}5)}
g
|:1 + exp (EFu;;;—‘Emax>:|

|:1 + exp (EFl;;_T‘Emax ):|

In this expression emax = min(e — €iower; Eupper — €) 18
the maximum transversal energy, €;, corresponding to a
specific value of the energy “component” in the transport
direction, €, and E'r; and Eg, are the values of the pseudo—
Fermi levels of the majority carrier at the turning point [
and u respectively.

The tunneling current can be added to the electron
and hole continuity equations as a non—local generation—
recombination term (Ry,n) using that

(17)

D(e) =log

(18)

1 dJun

1 thun
= —VJun = =
=

R A ><FL (19)

tun

vo-|
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Figure 3: Schematic representation of a tunneling process at energy
€. The figure shows the classical turning points (z = u and = = [),
the range of allowed energies and the electron and hole pseudo—Fermi
levels (red and blue lines, respectively) which inform about the filling
of the conduction and valence band, respectively.

where 1 is the electrostatic potential , FF = —V1 is the
electric field, and Ec = —qi is equal to the energy of
the carrier in the turning point, ie., ¢ = Fo(z = u).
And using a similar analysis in the other turning point,
the tunnel recombination term in the turning points for a
given energy is

kT \/mim;
Rhy = LV el P Tl P D (20)
™

8.1. Tunneling in Atlas

One of the two tools compared with our in—house de-
veloped simulator is Atlas [24] from Silvaco. This simula-
tor solves the Poisson’s equation, the continuity equations,
the transport equations using the drift—diffusion and the
energy balance transport models.

The non-local tunneling current model is implemented
following the same equations as explained before. The
main difference from our simulator is that Atlas calculates
tunneling current using equation (17) and then injects the
obtained current in the classical turning points x = u and
x = l. However we calculate the recombination term in
equation (20) and then we add it to the continuity equa-
tions. We found that this approach is more stable for the
convergence of the solution of the continuity equations,
allowing larger degenerations and therefore larger carrier
concentrations in the semiconductors.

3.2. Tunneling in Sentaurus Device

The other tool compared with our simulator is Sen-
taurus Device [25] from Synopsys. This simulator also
solves the Poisson’s equation, the continuity equations and
the transport equations obtained form the drift—diffusion
model, the thermodynamic model [28] or the hydrody-
namic model. It also can solve temperature equations for
the lattice and carriers.

The non-local tunneling current model also evaluates
the total current that flows to the conduction band in point
x = u from the valence band at position | < u. Sentaurus
Device calculates a recombination rate for the valence—
band electrons with energy ¢ at a point x = [ (or, the

generation rate of holes at z = [) due to the tunneling
processes to or from the conduction band at z = u as

¥ le — X
Il ]

X Tov (u,1,2) x [Tp(1) — Tn(u)] x
x {{1—|—exp (%ﬂ_ -
[ ()]

where Acy is a fitting parameter (also called the effective
Richardson constant), T, and T,, are the carrier temper-
atures, d(x,y) = 0(z)|y|©(y) and T'oy is the tunneling
probability obtained from the WKB approximation (see
equation (12)). The current density of electrons that tun-
nel form the valence band at all point above x = u to the

conduction band at a point z = u is obtained integrating
over the recombination rate (equation (21)):

Gev(u,l,e) — Rev(u.l,g) =

_ qAcv dEy

dE
= i [5 —Ev(l) — c

du

c(u)

(21)

Jov(u) = // [Gev(u,r,e) — Rev(u,r,e)] dedr,  (22)

uU—0o0

and from an analogous analysis the tunneling from the
conduction band to the valence band (Jy¢) is obtained.

Therefore, Sentaurus Device uses a different approach
to evaluate the transversal momentum of the carriers that
are involved in a tunneling process. It is not explicit in
the expression of the tunneling current but it is accounted
for through the double integral over the energy and space.
Moreover, the Sentaurus Device uses the carrier temper-
atures instead of the lattice temperature to calculate the
tunneling recombination. Our simulator and Atlas assume
that both temperatures are the same.

4. Tunneling current results

First of all, we simulated the I-V characteristic of a
GaAs and a ZnO tunnel junctions using Atlas [24] from Sil-
vaco and Sentaurus Device [25] from Synopsys, two stan-
dard commercial tools. The results were compared with
those from our simulator in order to check its performance.
The calculations were done using the parameters listed in
table 1 for GaAs and in table 2 for ZnO which describe well
most experimental observations and are consistent with
the data presented in literature [3, 29-31].

Figure 4 shows results for the tunneling current in a
GaAs diode with constant doping levels of Ny = 2 X
10%2° cm ™2 in the p-side and Np = 3 x 10'® cm ™2 in the
n-side and a ZnO diode with N4 = 1 x 10?° ecm™3 and
Np = 1 x 10% ecm™3. These values are in the range of
the typical concentration levels in a ferromagnetic diode.
The values are also chosen to have the same relation be-
tween the distances of the Fermi level to the band edged
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Table 1: Suitable parameters for GaAs.

GaAs parameters

Parameter Value
Band gap energy (E) 1.4 eV
Electron affinity (x) 4.2 eV
Dielectric constant (static €) 13.2¢9
Dielectric constant (optical €)  3.5¢g
Electron effective mass (mf)  0.067mq
Hole effective mass (m};) 0.47myg

Effective density of states
in conduction band (N,)
Effective density of states
in valence band (N,)
Electron mobility

Hole mobility (up)

4.4 %107 cm—3

8.5 x 108 cm—3
8500 cm?V 15!
400 cm?V~1s~1

Table 2: Suitable parameters for ZnO. F||c meas parallel polarization
and F 1 c perpendicular polarization of the electric field to the optical
axis.

Zn0O parameters

Parameter Value
Band gap energy (Ej,) 3.3eV
Electron affinity (x) 4.1eV
Dielectric constant (static €)  Elc 7.6€p

Ellc 8.5¢g
Dielectric constant (optical €) E.lc 3.6¢g

Ellc 3.7¢
Electron effective mass (mj)  0.27mg
Hole effective mass (m}) 0.54my

Effective density of states
in conduction band (N,)
Effective density of states
in valence band (N,)
Electron mobility (g, )
Hole mobility (up)

3.5 x 108 cm—3

1x 10" ecm™3
100 — 300 cm?V—1g!
0.1 —6 cm?V—1g!

but having a majority of holes in the GaAs diode and a
majority of electrons in the ZnO as it occurs naturally in
ferromagnetic GaAs and ZnO, which are naturally p—type
and n—type, respectively, when they are doped with mag-
netic impurities.

The results from the simulations run at different tem-
peratures show the same result for the band diagram from
our simulator and the commercial versions, figures 4a and
4b. However, the tunneling current presents different be-
haviors depending on the tool. The results at 300 K, figure
4c for GaAs and figure 4d for ZnO, show quite similar be-
havior between our simulator and Atlas, as we expected
because we use an equivalent model for the tunneling cur-
rent. Sentaurus results are different because it uses a dif-
ferent approximation to treat the transversal energies and
can lead to the larger tunneling current near to the val-
ley voltages. However, at low temperatures the tunneling
current has different behavior for all the three simulators,
figure 4e for GaAs and figure 4f for ZnO. The strange be-

—Our results 4 —Our results
""" Allas ---Atlas
S ! *+ Sentaurus s 2 ---:Sentaurus
L o
B o— — 30 ———
@ @
S c
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-1 k w_,
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Figure 4: Simulation of tunnel diodes based on GaAs with constant
doping levels of Ny = 2 x 102° cm ™3 and Np = 3 x 10'® cm~3 and
ZnO with Ny = 1x102° cm™3 and Np = 1x10%2% cm™3. The figures
show the band diagram for GaAs (a) and for ZnO (b), the tunneling
current for GaAs (c) and ZnO (d) at room temperature; and the
tunneling current for GaAs (e) and ZnO (f) at 77 K. The calculations
where performed using three different tools: our in—house simulator,
Atlas from Silvaco and Sentaurus from Synopsys.

havior of our simulator at very low voltages comes from
instabilities in the pseudo—Fermi levels calculations due
to the small current values, but they tend to disappear
rapidly as the bias rises. However, they do not explain the
differences at around and over the peak voltage. This can
be due to the different approximations for the Fermi—Dirac
carrier distribution, more important at low temperatures.

We note that the value of the smaller relative Fermi
energy €g, €, for GaAs and ¢, for ZnO, determines the
maximum tunneling current for a bias £g/¢.. Since it is
desirable to look for polarization dependence of the tun-
neling current near the voltage where the total tunneling
current is a maximum it is clear that any change in the
smaller of the two Fermi energies will drive the TMR be-
havior in the junction.

With these results, we want to show that the different
implementations of the non—local tunneling current model
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lead to very different results making it impossible to cali-
brate our simulator using commercial tools. Another im-
portant reason to not be worried about these differences is
that when the band splits due to the ferromagnetism, the
tunneling current becomes very dependent on the model
that is used to simulate the spin polarization in the de-
pletion region of the junction. Therefore, the results from
our simulator are considered valid because, despite the dif-
ferences among the three tools, they all show the same
behavior for the results of the tunneling current and the
obtained values of the peak and valley biases are in agree-
ment with prediction of the Kane’s model for the tunneling
current [27].

5. Spin split bands

The effect of the exchange interaction between the char-
ge carriers and the localized magnetic moments on the en-
ergy band structure and the transport properties can be
estimated by using a perturbation theory [32]. A first or-
der correction of the band energies due to the exchange
potential can be written as:

k2 A
Eyo = El?e + om* 2 (0ot = day) (23)
where A = xJezen(S?) is the fist—order band splitting. In
the mean field approximation, the average spin polariza-
tion of the magnetic moments, (S?), is given by z(S?%) =
xSBg(y), where x is the concentration of Mn ions and
Bs(y) is the Brioullin function for the spin S.

Figure 5 shows the calculated band splitting of the
band edge for (GaMn)As using this first order approach
of the exchange interaction with Jffch =14 ¢V, m* =
0.5mg, Tc = 110 K and S = 5/2. The band splitting
disappears for temperatures over T at B = 0 and rises to
a maximum value for low temperatures.

When the bands edges are spin—split, there are two
different characteristic energies [4, 33] for the occupations
for each spin €7 = Ep, — EZ = Erp, — Ec £ Ay, /2 and
é‘g = E‘U/ — EFp = FEy + AP/Z — Epp, with ¢ = (T\L)
The tunneling occurs between the two majority and the
two minority bands or, if the relative magnetization of the
layer is reversed, between the majority and the minority
bands, see figure 6. We call these currents antiparallel
current I,,(V), figure 6a, and parallel current I,,(V), fig-
ure 6b, respectively. The tunneling recombination term is
reevaluated for each spin—band obtaining four recombina-
tion terms related with the e'-h* and the e*—h" recom-
binations. The maximum value of A, , occurs when the
band is fully polarized. The Fermi energies are adjusted
so that the total number of carriers stays constant as A
changes. The spin polarization for each band defined as:

Int —nt|

P= (nT +nt)’ (24)

clearly P = 1 when the band is fully spin—polarized and
P = 0 when the band is unpolarized.
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Figure 5: Temperature dependence of the band edge in (GaMn)As,
Tc =110 K.
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Figure 6: Schematic of the spin—split bands for the antiparallel (a)
and parallel (b) configuration. The arrows show the tunnel recom-
bination processes.
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To calculate the spin splitting we suppose that the to-
tal carrier concentration remains constant when the spin
is polarized, n® = nT + nt and p° = p' + p*, where n
and p° are the electron and hole concentrations with no
spin polarization. In this work we have made the assump-
tion that the spin polarization ratio is conserved in each
device region. To study the ferromagnetic and the antifer-
romagnetic interactions between the p and n sides, which
correspond to the antiparallel and parallel configurations,
we considered that the spin flip occurs in the depletion re-
gion, in the point where the carrier concentration reaches
its minimum, because in that point the carrier mediated
exchange interaction has to be weaker.

If a Zener diode with both sides ferromagnetic is taken
around a hysteresis loop it should show a butterfly loop
with TMR defined as the relative difference between the
currents in parallel and antiparallel configurations,

_ B(V) — Ly (V)

TMR(V) = m X 100%,

(25)

as a function of field because the magnetizations of the two
components would be parallel at large fields but would be
antiparallel at some intermediate field value [34]. In the
unlikely event of both sides being 100% polarized the mi-
nority spin concentration will be zero and I,,(V) would
vanish leading to TMR= 100% at all voltages in the tun-
neling regime.

6. Results for GaAs

The tunneling current in the ferromagnetic case was
calculated for a range of parameters appropriate to GaAs,
see table 1. We show the results in two cases, when ¢, =
€p, 1.e., when both sides have same degeneration levels,
and when €, < g, the more realistic configuration for Co
or Mn doped GaAs. We consider a temperature of 77 K,
a standard lab temperature well below the largest known
Curie temperature for ferromagnetic GaAs (T¢ ~ 164 K).
Figure 7a shows the obtained band diagram for a diode
with the same degeneration level in each side. We have
chosen ¢,,, = 0.2eV as the carrier concentrations are in
the range of experimental devices. Note that the depletion
region on the p side in much smaller as the density of
states in the valence band is one order of magnitude higher
than in the conduction band, and therefore larger doping
is necessary to achieve the same degeneration level. Figure
7a also shows the spin—split bands obtained considering a
carrier spin—polarization of 90%. The band for each spin
can be identified using the color schema shown in figure
6. Figure 7b shows that the TMR has small values when
the bias is less than eg/q. = min(en,ep)/ge ~ 0.2 V and
it quickly increases its value in the NRR, then the effect
of the spin polarization is easier to see in the NRR.

Figure 8 shows the parallel and antiparallel current
densities, calculated at different spin—polarization ratios
at 77 K for a diode with same degeneration levels in both
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Figure 7: (a) Band structure for a ferromagnetic GaAs diode with
the same degeneration level in each side, en,p = 0.2 eV, which corre-
sponds with hole concentration of 1.5 x 1020 cm™3 in the p neutral
region and a electron concentration of 7.3 x 10'® ¢cm~3 in the n neu-
tral region and (b) the tunnel current density for a non—ferromagnetic
diode (continuous green line), for the parallel configuration (dashed
blue line) and for antiparallel configuration (dot—dashed red line);
the TMR (continous blue line) is also presented. Both results are
obtained assuming a constant spin—polarization ratio of 90%.

sides. The bias was chosen to be halfway down the NRR,
V =0.25 V, to have a trade—off between the rising TMR
at larger biases that we obtain from our simulations, and
the possible degradation of the TMR due to trap assisted
tunneling and diffusion current that we do not account for
in our simulations. As expected, the TMR shows higher
values as the carrier polarization increases and also, at this
bias, has good agreement with the predicted values from
Julliere formula [34]:

o 2 x P’left X Pright
1+Pleft X Pright’

TMR (26)
where Piey; and Prgne are the polarization levels in the
left and right side of the junction respectively, namely the
p side and the n side.

Even though we expected some agreement with Julliere’s
prediction, these coincidences are surprising because Julliere’s
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Figure 8: Parallel and the antiparallel current densities and TMR,
calculated at different spin—polarization ratios at 77 K for a GaAs
diode with same degeneration levels in both sides

theory was formulated for thin film tunnel structures com-
posed of two ferromagnetic metallic electrodes (Fe, Co,
Pb) with a semiconductor layer (Ge) in the middle which
acts as tunnel barrier. Moreover, the measurements that
supported this theory were made at very low tempera-
tures (4.7 K). Therefore, it would be reasonable to see a
better match between our results and Julliere’s at lower
temperatures, but we found the opposite. Further work
in this direction will be performed to gain better under-
standing of these phenomena. However, we want to recall
that our structure is a bipolar tunnel junction (both the
valence and conduction bands participate in the conduc-
tion), while Julliere’s structure is a unipolar device (only
the conduction band is relevant), and the tunneling bar-
rier properties are very dependent on the bias and spin—
polarization degree.

The calculations were repeated for a more realistic con-
figuration, this is, considering different degeneration levels
in each side of the junction. In this case we consider carrier
concentrations observed in experiments, a hole concentra-
tion of 2.5 x 10%2° cm™3 in the p neutral region and a elec-
tron concentration of 3 x 1018 cm~3 in the n neutral region,
which means degenerations levels of e, = ¢, = 0.3 eV and
es = &, = 0.1 eV. The selected bias to extract the TMR is
again V = 0.25 as the maximum of the tunneling current
is around 0.1 V and it disappears at 0.4 V. The results are
shown in figure 9.

7. Results for ZnO

The same procedure was followed to simulate the diode
based on ZnO, using the parameters listed in table 2.
We show the results in two cases, when ¢, = ¢, this is
when both sides have same degeneration levels, and when
€p < &n, the more realistic configuration for Co or Mn
doped ZnO as it is naturally a n type semiconductor. Now
we consider a temperature of 77 K to make possible a com-
parison between GaAs and ZnO results, but we have also

)
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Figure 9: Parallel and the antiparallel current densities and TMR,
calculated at different spin—polarization ratios at 77 K for a GaAs
diode degeneration levels of €, = 0.3 eV and e, = 0.1 eV

made simulation at 300 K as the Curie temperature for
ZnO is expected to be larger than room temperature. Fig-
ure 10a shows the obtained band diagram for a diode with
the same degeneration level in each side, we have chosen
again €, , = 0.2 eV.

Now the depletion regions are more similar as the den-
sity of states in valence and conduction bands are closer
to each other. Again, figure 10a also shows the spin—split
bands obtained considering a carrier spin—polarization of
90%, the band for each spin can be identified using the
color schema show in figure 6. The wider band—gap of
the ZnO leads to a much narrower depletion region, and
therefore the equivalent tunneling barrier is also narrower,
i.e., larger values of the tunneling current. However, the
tunneling current is proportional to the square root of
the tunneling masses of the involved carriers (see equation
17), which are difficult to determine, hence the tunneling
current need to be calibrated from experimental measure-
ments. Therefore, our results are normalized to the max-
imum tunneling current value in the non—ferromagnetic
case because the TMR value does not depend on the abso-
lute value but in the relative difference between the parallel
and the antiparallel configurations.

The parallel and the antiparallel current densities and
the TMR for a ZnO diode with same degeneration levels
in both sides are shown in figure 11a at a temperature
of 77 K and figure 11b at 300 K. Now the halfway bias
down the NRR is chosen to be V = 0.3 V as the peak
tunneling current occurs at a bias closer to 0.2 V. Again
the TMR shows higher values as the carrier polarization
increases and also has good agreement with the predicted
values by Julliere’s formula, especially at 300 K where the
result from simulation is equal to the predicted values. At
77 K the Julliere’s formula overestimates the TMR having
a larger difference than in the GaAs case.

The calculations were repeated for the more realistic
configuration, i.e., considering different degeneration lev-
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Figure 10: (a) Band structure for a ferromagnetic ZnO diode with
the same degeneration level in each side, e, = 0.2 eV, which corre-
sponds with hole concentration of 1.7 x 1020 cm™3 in the p neutral
region and a electron concentration of 6 x 10'° cm~3 in the n neutral
region and (b) the tunnel current density for a non—ferromagnetic
diode (continuous green line), for the parallel configuration (dashed
blue line) and for antiparallel configuration (dot—dashed red line);
the TMR (continuous blue line) is also presented. Both results are
obtained assuming a constant spin—polarization ratio of 90%

els in each side of the junction. In this case we consider
carrier concentrations observed in experiments, a hole con-
centration of 3.1 x 10'® cm™2 in the p neutral region and
an electron concentration of 1.3 x 10 em™2 in the n
neutral region, to observe the n character of the ZnO.
These carrier concentrations result in degenerations lev-
els of eg = ¢, = 0.017 eV and ¢ = ¢, = 0.02 eV. The
selected bias to extract the TMR is again 0.12 V as the
maximum of the tunneling current is around 0.05 V and
it disappears at 0.2 V. The results are shown in figure 12a
for simulations done at 77 K and in 12b for 300 K.

Once more, the results at 300 K show better agreement
with the TMR predicted using the Julliere’s formula in
both cases presented for ZnO. Moreover, in the last case
at low temperature (figure 12a) the antiparallel current
shows a different behavior from previous configurations.
It starts rising as the spin polarization ratio goes up until
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Figure 11: Parallel and the antiparallel current densities and TMR,
calculated at different spin—polarization ratios for a ZnO ferromag-
netic diode with same degeneration levels in both sides at (a) 77 K
and (b) 300 K.

a 90% ratio is reached and then decreases rapidly. We
found that this anomaly is produced by the combination
of two factors:

1. The low level of degeneration in the p—side which
leads to a much lower hole concentration than the
electron concentration in the n—side. Because of this
the band splitting in the n—side, at a certain spin—
polarization value, is smaller than in the p—side due
to lower magnetization values (see figure 13). There-
fore, the difference between the parallel and antipar-
allel configuration is mostly dominated by the side
with larger carrier concentration, in this case the n—
side.

2. The energy carrier distributions in the valence and
conduction bands are described by the Fermi-Dirac
function. Therefore, at lower temperatures the ki-
netic energy of the carriers drops and they occupy
energy levels close to the band edges, thus making
them available to tunneling and increasing the over-
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Figure 12: Parallel and the antiparallel current densities and TMR,
calculated at different spin—polarization ratios for a ZnO ferromag-
netic diode degeneration levels of €, = 0.3 eV and €, = 0.1 eV at
(a) 77 K and (b) 300 K.

lapping value between the two valence and conduc-
tion bands, as described in equation (18).

As the temperature drops, carrier tunneling will be fa-
vored in two ways: 1) the increase of the carrier concen-
tration in the allowed energy range for tunneling and 2)
the decrease of the tunneling barrier height due to band
splitting. Both will be higher as the spin—polarization is
increased.

8. Conclusions

In this paper we show the results from the simula-
tions performed for GaAs and ZnO ferromagnetic diodes.
Firstly we show how different available simulators offer
very different results for the tunneling current even when
they implement the same non—local model for the direct
tunneling current, but using different approaches. We
show the results obtained for the tunneling current from
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Figure 13: Band structure for a ferromagnetic ZnO diode with the
different degeneration level in each side, eg = €p = 0.017 eV and
e, = €n = 0.02 eV, which corresponds with a hole concentration of
3.1%x10'8 cm~3 in the p neutral region and an electron concentration
of 1.3 x 10 ¢cm™3 in the n neutral region.

the commercial tools Atlas from Silvaco and Sentaurus
Device from Synopsys and they are compared with the
results obtained from our in—house simulator. Secondly,
we have added the effect of the ferromagnetism on the
carrier spin—polarization that our simulator accounts for
using a spin—splitting of the band edges driving to two dif-
ferent energy bands depending on which carrier spin we
consider. We have compared the results obtained for the
tunneling current in ferromagnetic GaAs and ZnO diodes
under different magnetization levels and at different rele-
vant temperatures using the TMR signal.

We compared our results with Julliere’s formula and we
found good agreement at room temperature even though
it was formulated for low temperature. Further work will
be performed to gain better understanding of these phe-
nomena in our device. However, due to the large num-
ber of variables participating on the value of the TMR
(valence band and conduction band polarization, temper-
ature, biases and electron and hole concentrations), we
consider the numerical simulation that we propose here
a more general way to predict the TMR in this kind of
structures. Additionally, it offers a trade—off between the
more simplistic analytical methods, such as Julliere’s for-
mula, and those based on ab—initio calculations, like den-
sity functional calculations and non—equilibrium Green’s
functions [35], which are much more computationally ex-
pensive.

From the results shown before for GaAs and ZnO ferro-
magnetic diodes, it seems that the wider band—gap of the
ZnO diode leads to lower TMR under the same conditions
even when the tunneling current is more intense in the
7ZnO. However the TMR behavior at room temperature
for ZnO shows a better agreement with the TMR values
predicted using the Julliere’s formula for both cases, same
degeneration level and different degeneration level in the
n and p sides. We have shown that larger band—gap mate-
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rials could show lower TMRs; however, the possibility to
operate at room temperatures wide band—gap DMSs may
provide larger values of the TMR.
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