The Magnetics Society of Japan

Trans. Magn. Soc. Japan, 4, 28-33 (2004)

Finite-Element Capacitance Calculation and Spin-dependentTransport
Modeling of Double Magnetic Tunnel Junctions

MB.A. Jalil', C. W. Kim', Y. Takemura?, and J. Shirakashi®
'National University of Singapore, 10 Kent Ridge Crescent, Singapore 117576
? Yokohama National University, 79-5 Tokiwadai, Hodogaya, Yokohama, 240-8501, Japan
* Akita Prefectural University, 84-4 Ebinokuchi, Tsuchiya, Honjo, Akita, 015-0055, Japan

We model the combined effects of Coulomb
blockade (CB) and spin-dependent tunneling in a
nanoscale planar-type Ni/NiO double-junction, based on
the geometry of a proposed experimental structure.
Rectangular and disk-shaped island electrodes, of a size
range of w =10 to 50 nm are considered. Precise
determination of the circuit capacitances is performed
using finite-element (FE) methods. The calculated
capacitance values differ significantly from those
obtained using analytical formulae. For instance, the
island self-capacitance C, values are about five times
larger, which means that the operational temperature for
the CB device is seriously over-estimated by the
analytical formulae. The capacitance calculations also
show that an extended gate covering both the island and
the contact electrodes, can improve the gate sensitivity
by 95% with only a minimal increase (0.3%) of the self-
capacitance C,. This avoids the need for an ultrasmall
gate lithographed exactly below the island in the double
junction device. The tunneling current is then obtained
using the calculated capacitance values, and incorporates
both single tunneling and cotunneling. Finally, we
present the temperature dependence of the I-V and LV,
characteristics and TMR values which, being based on
actual fabricated dimensions, will be significant for
comparison with experimental results.
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1. Introduction

A double-junction device consisting of a nanometer-
sized “island” electrode, coupled to ferromagnetic (FM)
contact electrodes across thin tunnel barriers, shows a
combination of tunneling magnetoresistive (TMR)" and
Coulomb blockade (CB) effects.” The TMR effect arises
from the differential density of states and transmission
coefficient for majority and minority spin carriers across
the tunnel barrier. The CB effect becomes significant
when the electrostatic charging energy E, = e? /2C due

to a discrete charge e exceeds thermal energy kgT , and
the tunnel resistance R, is much larger than the resistance
quantum® Under these conditions, current is suppressed
below a certain threshold voltage V, while correlated
sequential tunneling occurs at bias V > V, With the
inclusion of a gate electrode, we can adjust the island
potential and control the discrete charge tunneling, thus
forming a single electron transistor (SET).”
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In a SET with ferromagnetic (FM) junctions,** an
extra degree of control exists since the tunneling current
can be modulated by changing the relative alignment of
island and contact magnetizations, by means of an
external magnetic field. In addition, the combination of
TMR and CB effects in FM-SETs has led to novel
phenomena such as magneto-Coulombic oscillations®
due to Zeeman splitting and bias modulation of TMR.”®
More significantly from the viewpoint of magnetic
storage applications is the enhancement of TMR due to
higher-order cotunneling effects.®!?®

There are two possible practical realizations of
metallic FM-SETs ie. either in granular'’'? form or
planar junction geometry.'¥ The former has the
advantage of achieving very small island sizes and hence
enhanced operational temperature without the need for
lithography of individual islands. On the other hand,
there is no precise control on the mean size and
placement of the islands, thus resulting in a wide
variability in critical parameters such as the threshold
voltage. By contrast, a precise control of junction
thickness and island size is achievable in the planar
junction geometry. Shirakashi et al. '¥ achieved the
controlled fabrication of the double tunnel barrier of a
Nb/NbO SET by means a scanning probe microscope.
This work was extended to oxidation on a smaller scale
using an atomic force microscope (AFM).'S) Using this
technique, island size of w < 100 nm can be realized.

With such a degree of precision in the fabrication,
one may obtain rectangular islands with almost uniform
barrier thickness. In view of the near-ideal geometry, it
may seem justifiable to wuse analytical capacitance
formulae to estimate the junction, gate and island self-
capacitances. In this paper, we calculate the capacitive
couplings of a double-junction circuit, based on an
experimental structure, by finite element methods. Our
calculated values reveal large discrepancies compared to
the analytical formulae. This is due to the assumptions
inherent in the analytical formulae, (e.g. infinitely long
tunnel junctions, and complete electrostatic isolation of
the island), which are not valid in a nanoscale double-
junction device. The need for precise determination of
the capacitances in a SET is necessary since important
quantities such as the Coulomb gap, operational
temperature and period of gate oscillations are strongly
influenced by the capacitance values. Based on the
precise capacitance values, we obtain the I-V and -V,
characteristics of the SET. The single tunneling and
cotunneling rates are calculated using the orthodox
theory in the global rule limit'*'” and second order
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perturbation result,'® respectively. The average current
is then obtained using the Master Equation. Finally, the
modulation of the TMR with both V and V, due to the
difference in the relative contribution of single and
cotunneling is demonstrated.

2. Model

The capacitance matrix of the system is computed
based on a typical planar Ni/NiO/Ni double junction
experimental structure.”” The capacitance calculations
are performed by 3D finite element method using a
software package called Fastcap!® It is necessary to first
generate a neutral file for each electrode shape to store
the geometric and meshing information. The neutral files
of rectangular electrodes can be generated by Fastcap
itself, while electrodes with curved surfaces (e.g. disk-
shaped islands), have to be drawn and meshed in a
commercial finite-element software (e.g. Partran) before
being exported as a neutral file into Fastcap. In the
meshing of rectangular electrodes, the surface mesh cell
is made 10 times finer at the edges, where charge
distribution varies most rapidly. The mesh cell
dimension for the disk-shaped island is set at 0.15 of its
radius, which gives rise to ~ 600 elements per island.
Fig. 1 shows the meshed electrodes of a double-junction
system with a disk-shaped island for three geometries —
no gate, restricted and extended gates. The thickness ¢
of the electrodes and gate-island d, and contact-island d;
spacings are kept constant at 10 nm, 2 nm and 10 nm,
respectively. The island size w is varied while keeping
the ratio I/w = 10, where [ is the length of the contact
electrodes. The calculations are also repeated for all
three geometries for rectangular islands. Based on an
input file listing the relative position of each electrode in

F10w w =10w

Fig. 1. Finite-element meshed model of actual
experimental structure. Two island shapes, disk and
rectangular (not shown), are modeled for size w ranging
from 10 to 50 nm. We also consider three gate
geometries, i.e. no gate (top), restricted gate (middle)
and extended gate (bottom). Other parameters: length of
contacts / = 10w, barrier thickness d; = 2 nm, gate
separation d, = 10 nm.
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3-D space, Fastcap calculates the capacitive coupling
between each pair of mesh elements using a known
multipole technique.’” These inter-element couplings
are then summed to yield the self- and cross-
capacitances of whole electrodes in the circuit, which are
collectively grouped together as a capacitance matrix C.

1% v, — G _w

Fig. 2. Schematic diagram of a double-junction circuit. V
is the source-drain bias across the two contact electrodes

““while V, is the bias applied to the back-gate plane. C; is

the stray capacitance due to field lines which escape out
to an imaginary ground at infinity. Arrows indicate the
island and contact magnetization. When the island
magnetization reverses, we obtain a switch between
parallel () and antiparallel @) alignments.

From the C matrix, we can extract the values of C, ,,
C, and C, which correspond to the (left/right) junction,
gate and stray capacitances, respectively, as shown in
the schematic diagram of a SET circuit (Fig. 2). We
then apply Kirchhoff’s equations to solve for the
potential on the island electrode as a function of the
number of discrete island charges n. These yield

:(Cl -C,)v +C,V, +2ne
C

]

¢(n) , 1)

where C, =C, +C, +C, +Cy is the total or self-

capacitance of the island. The free energy change due to
a tunneling event (“tunneling energy”) is given by the
total capacitive energy E. less the work done W by the
external bias sources due to the displacement of charges
(both discrete tunneling and continuous polarization
charges) at the contact electrodes. The tunneling energy
across the left/right junctions in either direction are:

AEP (n) =E‘;[e/2+a(ne—czv+cgvg -(C,+G)V )]

AES (n) :—Ee-[— of2 +0(ne+ GV +C,V, +(C, +G)V [2)], (2)

where g =41 denotes forward(+)/reverse(-) direction

with reference tothe field gradient. A positive AE means
that the Fermi level within the island is shifted above
that of the source electrode due to single charging
energy. By applying the orthodox theory,”) which is
applicable to metallic SET circuits considered here, the
tunneling rate is given by

29

NI | -El ectronic Library Service



The Magnetics Society of Japan

—AEP (n)

] , 3)
Ry | 1-exp(AE 0 ) k5T |

I7 (n)

where i is the junction index, and R, the tunneling
resistance. The spin-dependent effect in Eq. (3) arises
from the dependence of R, on the relative alignment of
the junction magnetizations, following Julliere’s
model”’” For the extreme case of either full
parallel/antiparaliel alignments, we have

R =2R,/(1+aPP,), (4)

where o = 1 (-1) applies for (anti-)parallel alignment,
and Py, is the spin polarization of the left/right junctions.
Our model assumes complete spin relaxation of the
tunneling electron to the equilibrium spin polarization
value of the junction electrode it is residing in. Thus,
I'? in Eq. (3)is independent of the electron spin. For
the cotunneling rate, we use the equation from second-
order perturbation theory”” with lifetime broadening to
remove the singularities which arise at resonant values

of the virtual intermediate state energies,9'22)i.e.

oy (1 > __£(e-geV)exp(oeVP2T) 5
e 8ret [81 xR, ]'L’ sinh( &/ 2T )sinh|( £ - oeV )[2T] feome )

The function Afe,0 is the coherent sum of two
cotunneling “channels” (the virtual state may be a
transient electron or hole on the island). This is given by

|1 N 1 [ 6
le+AEs (n)y+ iy —e+ABg (n)+ceV+iye|’

f(E’G):

where yis the inverse of the virtual intermediate state
lifetime, as given by Eq. (4) of Ref. 9. A finite yavoids
the divergence of the integral in Eq. (5), which occurs if
the virtual state falls within a forbidden energy range
between the initial and final energies?®

The average current is obtained using the Master
equation (ME) method. The ME consists d a set of
linear equations, representing the total rate connecting
each state with its neighbors. Upon solving these
equations one obtains the steady state probability p, of a
state having n island charges. For the double-junction
system, with just a single island, the ME is particularly

simple because (a) only single tunneling rates ' need

to be considered, and (b) all transitions occur between
nearest-neighbor (n >n+1). A° is not included in the
ME because a cotunneling process, in transferring a
charge across both junctions, will not result in any
change in the number of island charges. ( A9 will
however be involved in determining the steady-state
current). Due to factor (b), the ME reduces to a linear
birth-death equation which can be readily solved by a
recursive product:'”?*

a1 Dy, N
k=0 rh].k

n-lp

T,

n,n-1

Pn = Pn = DPn :Pl)n
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where I';is the transition rate between states i and j. I';
is non-zero only between nearest neighboring states, and

is related to 'Y (n) of Eq.(3) as follows

Iﬁn,thl = 1—1+ (n)+

-
' 2 @®)
I‘n,nAl = 1—‘1 (") +F§

n

(m),
(m)-
Note that our assumption of instantaneous spin
relaxation leads to zero spin accumulation on the island,
and zero spin-split in the Fermi energy. Thus, the state
probability p, and transition rate [ ; will be dependent

only on the total number of island charges n, but not the
spins of these charges, unlike in Ref. 25.

The average current is subsequently obtained as the
total tunneling rate (single and cotunneling rates)
weighted by the state probability i.e.,

l:eZp"o'xA“(n). 9)

no

Note that A%(n) contains both the single and

cotunneling contributions, as can be seen from Eq. (6) of
Ref. 9. Finally, TMR is defined as the fractional change
in current between the parallel and antiparallel
alignments of the double junction magnetizations.

3. Results and Discussions

The junction C,, gate C, and island self-
capacitances C, of a double-junction system with
rectangular island are plotted as a function of island size
w over a range of 10 to SO nm [Fig. 3(a) to (c)]. For
comparison, we also plot the analytical estimates, based
on simple planar junction and isolated sphere geometry,
ie.

(C1,2 “es, = EOSrAj/dj’
(Cg ]cs( =60£rAg dK ’

(Cy)og = 47E0E Rg - (10)

A;j (A,) is the area of overlap between the island and
contact (gate) electrodes and d; and d, the distance
between the electrodes. R,, is the equivalent radius of a
sphere which gives the same volume as the rectangular
island electrode, ie. 47 qu /3 = w2t . The dielectric

constant g for NiO is taken to be 9.8. For the no-gate
geometry, the actual C,, is almost twice the analytical
estimate [Fig. 3(a)]. The discrepancy is due to the
significant coupling between the top, bottom, front and
back surfaces of the two junction electrodes, given the
shape of the junction electrodes. These couplings are
neglected by the analytical model, which assumes a pair
of (two-dimensional) plate electrodes. The discrepancy
is slightly reduced when gate electrodes are present
since part of the coupling between the bottom surfaces
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of the island and contact electrodes is diverted to the
gate electrode instead. For the gate capacitances C, [Fig.
3(b)], the analytical estimate is reasonably good (within
10%) compared to the restricted gate case. The
disaepancy is smaller because coupling between the
gate plane and the island electrode surfaces other than its
bottom surface is diminished by the larger gate
separation distance. Furthermore, due to the position of
the gate, only the lower parts of these surfaces are
significantly coupled to the gate. The largest discrepancy
of up to a factor of 5 exists between the analytical and
numerical values of the self-capacitance C, [Fig. 3(c)].

For example, in the case of w = 50 nm with a restricted
gate, C; = 97.4 aF, but (Cs)est is only 21.7 aF. The

analytical formula assumes an isolated charged sphere,
i.e. it considers only the stray field lines which extend to
infinity. In the actual experimental set-up, this stray
contribution C, is only a minor contributor to C, The
bulk of C, is accounted for by (C, + C,) due to the strong
coupling between the island and contact electrodes
across the very thin tunneling barrier @; = 2 nm), while
the coupling C, to the gate plane also accounts for a
significant fraction. With a restricted gate geometry and
w = 50 nm, C, accounts for only 5% of C,. The large
difference between C, and (C, )est has a practical

implication since C,sets the maximum temperature T, at -

which effective Coulomb blockade effect occurs (ie.
kg T, <92/Cs ). Since C, plays such an insignificant role,

we can do much better in our analytical estimate by
taking the self-capacitance as the sum of junction and
gate capacitances, i.e.

(C-r)lest :(Cl )esl '*'(Cl)est +{Cg ]e“ :&)S,(ZAj/dj +4 /ds )' (11)

although there is a still a discrepancy of ~ 50%, as
shown in Fig. 3(c). Note that the calculated C, is
virtually unchanged (< 0.3%) when the gate plane is
extended to cover the island and both contact electrodes.
However, C;, which is a measure of the gate sensitivity
of the device is significantly enhanced by extending the
gate dimension, especially for the smallest island sizew.
For instance, for w = 10 nm, the increase in C, is almost
two-fold from 1.02 aF to 1.98 aF, while the fractional
change in C, is much smaller, from 18.10 aF to 18.17 aF.
The practical implication is that, for the back-gate
geometry considered here, using an extended gate
confers the twin advantages of easier fabrication and
greater gate sensitivity, at virtually no cost in the
increase of C, and consequent lowering of the
operational temperature.

Based on the calculated capacitance values and
considering single tunneling process only, the I-V and I-
V, characteristics are obtained at different temperatures
T. Fig. 4(a) is the I-V characteristic for the specific case
of a double junction with a restricted gate, having
dimensions w = 10 nm, d;= 2 nm,d, = 10 nm and [ =
10w. The value of 7' ranges from 0.001 to 37, = e2/kBCs ,

where T, = 101.6 Kcorresponding to C, = 18.2 aF, while
V, is set at OV. The Coulomb gap occurs for voltage
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range |V|<9/Cs =8.8 mV. The blockade begins to be

thermally smeared at 7= 0.1 T, = 10.2 K and becomes
indistinct at 0.3 T, = 30.5 K. The -V, [Fig 4(b)] is
obtained at source-drain V = 0.5 ¢/C, = 4.4 mV where
the amplitude of the gate oscillation is largest. The
period of oscillation is e/C, = 80.8 mV, corresponding to
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Fig. 3. Precise values of (a) junction C;, (b) gate C, and
(c) self C, as a function of island size w. Triangular,
open-circle and filled-circle plot symbols denote no-gate,
restricted gate and  extended gate  geometries,
respectively. Gray curves with filled-circle symbols
denote analytical formulae in Eq. (10), while the gray
curve with open-circle symbols in (c) indicates the
alternative formula given in Eq. (11).

C, = 1.98 aF. The oscillation progressively disappears as
T is raised above 0.1 T, = 10.2 K and totally disappears
at 0.5T, = 50.8 K. Thus, based on the calculated
capacitance values, we find that a sub-liquid N,
temperature is still required to observe features of single
electron tunneling even for the smallest island size
considered.
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For a symmetric Ni-Ni island-Ni double junction,
there is no bias modulation of TMR if we assume the
Julliere model of spin-dependent tunneling and restrict
ourselves to first-order tunneling.” We now include the
contribution of second-order tunneling or cotunneling.
Figs. 5(a) and (b) plot the resulting /-V characteristic and
the corresponding TMR, which is defined as

T™MR =12 1e, (12)

@ 75 |
5.0
25

25
50|70

0
-15 -1.0 -05 0 0.5 10 15
Vg leiCy)

Fig. 4(a) Current versus source-drain voltage (I-V)
characteristic based on precise capacitance values for the
case of rectangular island of sizew = 10 nm,atV, =0V
and temperatures /T, = 107, 3x107, 1072, 3x107%, 0.1
(dashed), 0.3 (dotted), 1 and 3. (b) Current versus gate
voltage (I-V,) characteristic for the same structure at 7/T,
=107, 3x107, 107, 3x107, 0.1 (dashed), 0.3 (dash-dot),
and 0.5 (dotted).

where [, is the current flow when the island and contact
magnetizations are parallel p) or antiparallel @) to each
other. The tunnel resistances of each NiNiO -Ni junction
for the two magnetization alignments are

B" = Rof(1+ By
R = R[(1- B ) (13)

where for simplicity Ry = 1 Q and the spin polarization
of NiPy; = 23% %% The I-V curves [Fig. 5(a)] are plotted
for T= 0.01 Tyto 0.2 Ty (1.0 to 204 K). As we have
seen in Fig 4(a), the Coulomb gap becomes indistinct
beyond 0.17). An important difference is that in the
presence of cotunneling, the sharp Coulomb gap profile
which exists for T < Ty/100 in Fig. 4(a) has been
smoothened out. Comparing the I-V and TMR curves,
we find that at V >> V, = ¢/C, = 8.8 mV, where single
tunneling predominates, the TMR reaches an asymptotic
value of 11.2%. This agrees with the theoretical value of
ZPPZH/(I—Pﬁi) obtained from the Julliere’s model. As V

32

falls below V,, the TMR rises sharply as the contribution
from cotunneling becomes significant, and at the lowest
V, TMR reaches up to 22.9%, which is close to the

prediction  of [1+2P% /(L— 1;5)]2_1 obtained from
Takahashi and Maekawa’s model.” The I-V, [Fig. 6(a)]
shows a similar inverse relation between current and
TMR [Fig. 6(b)] values. AtV,= (n +1]8/2Cg =mn+1)

40.4 mV, the CB is lifted. This results in a current peak,
but TMR drops to 11.2%. Conversely at V, = ne/zcg ,

Current

0.22
0.20
0.18
0.16
0.14
012

TMR

Fig. 5. (a) I-V characteristics and (b) TMR based on the
same structure as in Fig. 4 for T/T, = 0.01 (= 1.0 K),
0.02, 0.03, 0.075, 0.1 and 0.2 (= 20.4 K). V, denotes
the threshold voltage.

®

1.2

0.8

0 25 50 75 100 125 150 175
Vg(m\’)

Fig. 6. (a) I-V, and (b) corresponding TMR based on the
same structure, and the same temperature range as in
Fig. 5.

we are in deep CB region, which results in a low current
dominated by cotunneling, resulting in a high TMR of
22.9%. 1t is interesting to note that the modulation of
TMR is much more sensitive to T since it relies on the
interplay between cotunneling and single tunneling.
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Hence, at 0.17; (10.2 K), the classic CB and gate
oscillations are still clearly evident, whereas the TMR
modulation has diminished by about 5fold (e.g. 12.6%
to 2.6% for the case of 1-V,), and has practically
vanished at 0.2T; (20.4 K). The fact that this low
temperature threshold applies to the smallest island size
of 10 nm (which is at the very limits of electron-beam
lithography), points to the practical challenge of utilizing
TMR modulation in a metallic double-junction circuit.

4. Conclusions

We have performed a precise capacitance
calculations of a NiNiO-Ni double junction circuit
coupled to a planar back gate. It is important to perform
these calculations because important operational
parameters such as the bias gate oscillations and
operational temperature range are dependent on the gate
C, and island self-capacitance C,, respectively. Our
calculated values show a wide discrepancy from those
obtained from commonly-used analytical formulae. This
is especially so for C,, where the analytical estimate
yields a C; value which is ~ 5 times smaller, and thus
seriously ~overestimates the maximum operational
temperature. Our capacitance analysis also suggests that
an extended back gate covering both the island and
contacts gives superior gate sensitivity, with minimal
increase in C,. Based on the precise capacitance values
for the smallest island sizew = 10 nm, we calculated the
I-V and I-V, based on the “orthodox” theory of single
charge tunneling, complemented by higher-order
cotunneling. We find that Coulomb gap and gate
oscillation is thermally washed out at 7 ~ 30 K, while
the spin-dependent phenomenon of TMR modulation
diminishes rapidly at T beyond 10 K. This suggests a
stringent temperature requirement for the operation of
CB devices based on planar metallic double junctions.
Since the temperature dependence is obtained based on
the dimensions of fabricated devices, it will form a basis
for comparison with actual experimental results.
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