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Single Electron Device with Asymmetric Tunnel Barriers
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Single electron device with asymmetric tunnel barriers (ATBs) is proposed, and its operation has
been simulated by computer. The ATB has two remarkable features which cannot be bbtained by
conventional symmetrical tunnel banier (STBs). Firstly, the tunnel resistance depends on the energy
of tunneling electron and is determined independently of the banier capacitance. Secondly, the tunnel-
ing of electrons becomes almost unilateral rather than bilateral.
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l.Introduction
Since single electron transistor (SET) was proposed by

Likharev and Averin [1], various circuits based on Cou-
lomb blockade of tunneling have been proposed and dem-
onstrated experimentally[2]. To facilitate the development
of practically useful integrated circuits using single elec-
tron devices, the operation temperature should be more
thanTTKand preferably room temperature. However, the
operation temperature of conventional single electron de-
vices have remained cryogenic except for the work of yano
et al. f3]because of the limitation of current nano- fabrica-
tion technology. On the other hand, Lutwyche and
Wada[4]have demonstrated that the close correlation be-
tween the barrier capacitance and the tunnel resistance
makes it quite difficult to operate SET with high speed at
roorn temperature.

Here, single electron device with asymmetric tunnel bar-
riers (ATBs) is proposed in order to overcome this diffi-
culty, and several advantages of ATB over conventional
syrnmetrical tunnel barriers (STBs) are shown.

2. Advantages of ATBs
Basic concept of the ATB is illustrated in Fig.l. An ex-

ample of ATB can be realized by combining two or more
tunnel barriers which have different barrier heights as
shown in Fig.l(a).
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Fig.1 Band structure of ATB atzerc bias voltage, equiv-

alent circuit and graphic symbol.
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The band structures with various bias voltages are shown in
Fig.Z.

As shown in Fig.z(a), when a barrier voltage is lower than
6 u elec'rons tunnel through both the barrier L and the banier

2 successively. consequently the tunnel resistance of the
junction is the sum of Rr and Re and the barrier capacitance is
also the series connection of Cr and Cz.

On the other hand, as shown in Fig.2(b), when a barrier
voltage is higher than f r, electrons tunnel through only the
barrier 2 and then electrons are irnmediately reraxed to the
Fermi level of the metal island in less than 10-ra sec. On the
other hand, the banier capacitance is the series capacitance of
Cr and Cz, while the tunnel resistance is only Rz, that is, tunnel
resistance is determined by high energy electrons and the ca-
pacitance is determined by low energy electrons which are in-
duced at opposite side of the barriers.

As shown in Fig.2(c), when positive voltage is applied to
the lefrhand side of the barrier, electrons tunnel through both
the barrier 1 and the banier 2. consequently, the tunnel resis-
tance of the banier is always the sum of Rr and Rz, and the
barrier capacitance is the series connection of cr and cz.
Therefore, the current-voltage characteristics of ATB be-
comes asymmetrical.

The principal points of remarkable features of ATB are
summarized as follows.

(1) The tunnel resistance is a function of the energy of tun-
neling electron.

(2) The lower barrier height determines the threshold of
easy current flow.

(3) The barrier capacitance is always deternined by the
total thickness of ATB even if electrons tunnel
through only one barrier.

(a) Asymmetric band structure makes asymmetric cur-
rent-voltage characteristics.

These features cannot be obtained by STB. When ATBs are
used to build single electron devices, the lowering of the tun-
nel resistance without increasing the banier capacitance be-
comes possible and the room temperature operation of SET
with high switching speed will be rcalized more easily than
that of STB sETs. In addition, high on-off ratio in banier re-
sistance is obtained by ATB.

3. Current-voltage characteristics of SET
with ATBs
Figure 3 shows the gate voltage (Vs)- the drain current (Io)
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Fig.Z Band structure; (a) with a positive voltage (V. d r) (b): with a positive voltage (V, d r) (c)rwith a negative voltage.

The voltage indicated in each caption is that of the left hand side electrode with reference to that of the right hand side

electrode.
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Fig. 4 Vao-Ia characteristics of basic SET circuit. The circuit

parameters are shown in Fig.3.

especially when the ATB is applied to turnstile, pump or
other multiple tunnel junction systems.

The time constant of the barrier determined by RC is con-

trolled by a bias voltage: when the period of signal cycle is
shorter than the time constant at the forward bias and longer
than the time constant at the reverse bias, backward tunneling
cannot response to signal cycle and then only forward

0.L6 0.18

Fig.3 Vg-Ia characteristics of basic SET circuit. The parameter is Vaa. The lower barrier height of source and drain d r is

30meV.

characteristics of a basic single electron transistor (SET)s

circuit calculated by solving the rate equations. The circuit
of SET and its circuit parameters are shown in the insertion

of the figure. When Ve is below 0.2V,Ia increases abruptly
as Voo increase as shown in Fig.3(b) . This means that the
tunnel resistance changes from Rr+Rz to Rz and this part is

controlledby changing the banierheight of barrier 1.. When
Ve is above0.2Y as shown in Fig.3(a), the barrier voltage is

always higher than d r and the value of Ia shows the same

value as that when the tunnel resistance is Rz.

Figure 4 shows Vaa-lo characteristics of ATB. When a

positive voltage is applied to ATB, large tunnel current
flows. On the other hand, negative voltage is applied to
the source ATB, tunnel current is the same value as that of
STB. Namely, the fonvard tunneling current is larger than

backward tunneling cunent. This result indicates that lun-
neling current becomes more likely to be unilateral. There-

fore, the equivalent circuit of ATB is expressed by a serni-

conductor diode and a capacitance as shown in Fig.l(b).
This directionality of tunneling current makes it possible

to improve the transfer accuracy of single electron devices,
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tunneling can occur. As a result, the improvement of transfer
accuracy is achieved. Furthermore, this directionality of ATB
is expected to make circuit design much sirnpler.

4. Application to CMOS like logic
One of the applications of this feature to CMOS like

logic[5], [6] is shown in Fig.5. Monte Carlo method was used
for simulating the performance of this circuit. In this simu-
lation, only Rz was changed, and the surn of Rr and Rz was
always chosen to be equal to the tunnel resistance of STB. As
shown in Fig.s(b), if the circuit parameters are determined so
that the tunnel resistance of the ATB in operation is Rz, the
switching speed of the ATB SETs CMOS like circuit in-
creases as the ratio of Rz(Rr+Rz) decreased with the barrier
capacitance fixed.

Figure 6 shows transient characteristics of CMOS like
circuit with ATBs for various barrier heights at T=Toi,,ioll0
where Toi",iq is 54.7K. As shown in Fig.6, even if the operat-
ing temperature is high, the thermal fluctuations can be sup-
pressed by increasing the barrier height.

3.Conclusions
Single electron device with ATBs is proposed and its

performance has been simulated. Several advantages of
ATB over STB have been found as listed below.

(l)Tunnel resistance is determined independently
of the banier capacitance.

(z)Both high temperature and high speed operation of
SETs are rcalized simultaneously.

(3)High on-off ratio of the barier resistance is ob-
tained.

(4)Thermal fluctuation in switching behavior is sup-
pressed.

(5)Tunneling current-voltage characteristics becornes
asymmetrical.

(6)The accuracy of electron transfer is improved.
These features are expected to facilitate applications of

SETs to memory,logic or other circuits.
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Fig. 5 Configuration of a CMOS-like logic circuit and its transient characteristics. Load capacitance and ambient tem-
perature are fixed.

0 5 10-ro 1 10s 1.5 10o

Time (s)
Fig.6 Transient characteristics at various barrier heights

at T=Tcri'it/L0.
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