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The Multiple-Tunnel Junction (MTJ) and its Application
to Single-Electron Memory and Logic
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The multiple-tunnel junction (MTJ) by making a side-gated constriction in 6-doped GaAs is
demonstrated as a basic component of single-electronics. A single-electron memory cell, in
which one bit of information is represented by the excess or shortfall of a precise number
of electrons, was fabricated and the operation was confirmed at liquid helium temperatures.
A new switching element, the variable-barrier MTJ, and a new circuit, the single-charge
injection logic circuit, are proposed.

1. Introduction

Modern nano-technology enables us to fabricate
very small structures with capacitance small enough to
obs-erve the charging effects o-f discrete electrons. When
the charging enJrgi ezt 2C of the i-sland capacitance C
becomeJ larger than the energy ksT of the thermal
fluctuations,lhe entrance of one electron results in a

noticeable recharging of the island capacitance-, so that
electron transfer is slrongly suppressed. Based on this
Coulomb blockade effect,-several new devices have been
proposed and demonstrated r 

'2) . The important
^appiications 

are in the single-electrgqmeryo.ry and in logic
circuits, which are characterised by their low power
consumption.

2, Multiple-Tunnel Junction

One of the most important elements for utiliqing
charging effects is the Mult1plg-Tunnel Junction (MTJ) in
whiih iseries of small islands is formed. The charging
energy of the island creates an energy bal{ei which
bloc[s the entrance of electrons into the MTJ so that
multi-stable states of different numbers of electrons can be

formed. The MTJ is also important in suppressing offset-
charge and co-tunnelling effects-

- A number of different techniques have been
employed to realise ultra-small tunnel junctions, including
AouUt6-angle evaporation of Al and Schottky gate
confinemeilt of the two-dimensional electron gas (2DEG)
formed at the GaAs/AlGaAs heterointerfaces. These

methods provide only a single tuqqgljunction and the

overall siie becomes large when a MTJ is construcqd qy

connecting these elements. To realise very s.mall MTJ
structures,"we have used a side-gated structure in 6-dop-ed

GaAs 3). The 6-doped layers are suitable for
miniaturisation because of the small depletion lengths
resulting from the high carrier concentration and the

relatively shallow depth of the 2DEG. Furthermorg, -large
potential fluctuations (-30 meV) in the 6-doped lay-er
ireate several small islands in a constriction without the
need for lithography to define the individual islands.

The 6-doped GaAs wafer was grown bY
Metalorganic Chemical Vapour Deposition (MOCVD).
The ele6tron channel formed in tlie 6-doped layer is
situated 30 nm below the GaAs surface and is a few
atomic layers in thickness. It is doped with Si to a
concentraiion of 5 x 1012 cm-2. An MTJ was formed by
an etched constriction with a width of 150 nm and length
of 400 nm as shown in Fig. I (a). The Fermi energy of
the electrons in the constriction can be modified by
biasing the side-gate.

eurrent-voltage characteristics were measured using
standard equipment as shown in Fig. 2. The observed
Coulomb-6lo-ckade oscillations were explained by
postulating a series of microsegments splitby $on9r atom
potentiali and forming a series of single-electron
transistors 3). The formation of several islands is
supported by another measurement in the highly pinched-
off iegion of operation in that negative resistances due to
resonant tunnelling among microsegments have been
observed, ffid by the calculation of conductance modelled
using standard single-particle recursive Green's function
techiliques a). The dalcirlated potential landscape is shown
in Fig.-l (b). There are large potential fluctuations within
the channel, and more than five potential wells are evident
for the random impurity configuration used for this
simulation.

3. Single-Electron MemorY

A direct application of MTJs is the single-electron
memory in which one bit of information can be
represented by the excess or shortfall of a precise number
of electrons 5). The principal parts of a single-electron
memory cell consist of a gate-capacitor and a MTJ as
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s.hown- il lig. 3 (a). The memory node voltage V
depends both on the voltagg V, applied to the gate aid on
the charge stored on the node, "

rr- e (Crvr -'\'=rrl'-") (1)

Here n is the number of excess electrons on the memory
node and C2 is the total capacitance C+C.+C* where C
is the capacitance of the MTJ, C* is the gaie cipacitance,
qld C, is the stray capacitance. Equation (1) is plotted in
Fig. 3 (b)__ryhere cyclic operati-on of gate vbltage is
assumed. Within a Coulomb blockade regime elecirons
cannot enter or exit the memory node. When V reaches
the boundary of this Coulomb blockade regime, one
electron enters or leaves to keep the electron state inside
the Coulomb blockade regime. By applying a gate-
voltage pulse V, with magnitude larger lfai eCz/(ec),
the number of -electrons on the memory node can be
changed. In Fig. 3 (b) the lower branch cbrresponds to a
stable state with an excess of two electrons, and the upper
branch to a stable state with a shortfall of two elections
from the charge neutrality state. In general, one bit of
information can be represented by +ff and -N electron
n3m_Qe1 states, where N is given by the integer part of
Cz/ 2C.

. The _experimental single-electron memory device
consists of three MTJs and two capacitors as shown in
Fig. 4. MTJ1 controls single-electron transfer to the
memory node. MTJ2 is used to characterise MTJI; the
side-gate voltage dependence on the conductance of MTJ1
is measured by opening MTJ2. When memory
characteristics are measured, MTJ2 is pinched off by
applying a large negative voltage to the side-gate. MTJ3
is used as an electrometer to detect the memory node
voltage.

- Thg experimental circuit shows single-electron
characteristics as a function of side-gate voltages (Fig. 5).
Nano-ampere current levels are measured at higher iide-
gate voltages at a drain voltage of 1 mV. Turnstile current
is observed at an intermediate side-gate voltage region
when ac (10MHz) gate voltage is applied. At lower side-
gate voltages single-electron memory effects are
observed. At even lower side-gate voltages an insulating-
state appears.

The memory cell characteristic is shown in Fig. 6.
Clear and reproducible hysteresis is observed. From the
estimation of capacitance, C = 5 aF, Cr= 200 aF, and C,
= !00 aF, the upper and the lower bran8hes correspond to
t40 electrons. The hysteresis predicted in Fig. 3 is quite
universal, independent of not only the absolute valu-e of
the gate voltage but also the gate voltage range. These
universal characteristics are clearly observed for several
gate voltage ranges.

From the orthodox theory 1,2), the area of the
hysteresis loop A1t depends_on temperature T andsweep
rate v, of gate voltageas follows;

Ah = o^{r+ o(ctrr lr2)n(r,CrN,CR / e)} e)

where ,|no il the area of the hysteresis loop at zero
temperature, R is the total resistance of the MTJ: and a isa constant around 10. Experiments 5) show the clear

dependence on temperature and gate-voltage sweep-rate as
predicted in eq. (2), and the hysteresis is determined by
intrinsic memory effects, not by co-tunneling effects as
previously reported o). One of the reasons that intrinsic
memory effects are observed in our sample is that the
tunnel resistance can be modified in our structures by
biasing the side-gate and can be tuned to the point where
co-tunneling is reduced significanily 71.

4. Single-Electron Logic

A switching element based on a variable-barrier
MTJ is proposed, in which the'ON' state is represented
by a Bloch state with tunnel resistance less than the
quantum resistance, and an 'OFF' state is represented by
the Coulomb blockade state with tunnel resistance larger
than the quantum resistance. The Coulomb gap voltage is
schematically shown as a function of tunnel barrier
voltage in Fig. 7 (a), which gives an ideal transfer
characteristic of the inverter circuit.

Using such variable-barrier MTJs, a new circuit
scheme, the single-charge injection logic, is proposed as
shown in Fig. 7 (b). In this scheme a voltage pulse is
applied instead of constant voltage to refresh output
information; single-charges are injected to the output node
and the number of electrons is settled according to the
Coulomb gap voltage of the MTJs. When the capacitance
of the output node is reduced, the number of electrons
needed to represent the information becomes small but
stable operation can still be realised due to the charge
quantisation on the output node. The merits of this circuit
are (1) insensitivity to offset-charges and co-tunneling,
(2) sufficient voltage gain, (3) ideal non-linear
characteristics for information recovery, (4) almost
independence from device parameters, (5) any electron
number can represent one bit of information.
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Fig.l (a) MTJ using a side-gated structure in 6-doped
GaAs. (b) Calculated electron channel.
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Fig.4 Scanning electron micrograph of an experimental
single-electron memory device.
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Fig.5 Operation region of some single-electron effects.
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Fig.2 I-V characteristic at 1.3K.
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Fig.6 Memory operation characteristic.
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(b)
(a) Principal part of single-electron memory.
(b) Principle of operation.
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Fig.7 (a) Coulomb-gap voltage of a
variable-barrier MTJ.

(b) Single-charge injection logic.
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