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Multipeak negative-differential-resistance device by combining
single-electron and metal–oxide–semiconductor transistors
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NTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi, Kanagawa Prefecture 243-0198,
Japan
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A multipeak negative-differential-resistance device is proposed. The device comprises a
single-electron transistor~SET! and a metal–oxide–semiconductor field-effect transistor
~MOSFET!, and can, in principle, generate an infinite number of current peaks. Operation of the
proposed device is verified at 27 K with a SET fabricated by the pattern-dependent oxidation
process and a MOSFET on the same silicon-on-insulator wafer. Six current peaks and a
peak-to-valley current ratio of 2.1 are obtained, and multiple-valued memory operation is
successfully demonstrated. ©2001 American Institute of Physics.@DOI: 10.1063/1.1421085#
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In a single-electron transistor~SET!, Coulomb blockade
is controlled by the gate, which is capacitively or resistive
coupled to the Coulomb island, and the discreteness of
electric charge in the island results in unique current–volt
characteristics, i.e., a periodic increase and decrease of
current as a function of the gate voltage.1–3 Although this
periodic nature is utilized in some applications,4,5 the poten-
tial of SETs as functional elements has not been fully
ploited. We report here a method by which to realize a S
based multipeak negative-differential-resistance~NDR!
device, that should have a wide range of applications suc
multiple-valued memories,6 analog-to-digital converters,7

and multiple-valued logics.8 Conventionally, multipeak NDR
devices have been constructed with a series connectio
resonant tunneling diodes~RTDs!.6–8 However, the number
of peaks is determined by the number of diodes. It is a
limited by accumulated series resistance, which should
smaller than the negative resistance of a single RT6

The NDR device proposed here consists only of a S
and a metal–oxide–semiconductor field-effect transis
~MOSFET!, and can, in principle, generate an infinite num
ber of peaks. Using this device, multiple-valued memory
eration is demonstrated.

A schematic of the proposed NDR device is shown
Fig. 1~a!. The source of a MOSFET with fixed gate biasVgg

is connected to the drain of a SET. As illustrated in Fig. 1~b!,
the SET drain currentI d increases and decreases periodica
as a function of the gate voltageVgs .1–3 However, theI d has
such a large dependence on the drain voltageVds that the
peak current is almost proportional toVds , and the valley
current increases more rapidly when the Coulomb block
breaks. The MOSFET connected to the SET eliminates
largeVds dependence of the SET characteristics by keep
Vds nearly constant aroundVgg–Vth , whereVth is the thresh-
old voltage of the MOSFET. ThisVgg–Vth is set low enough
to sustain Coulomb blockade. By connecting the SET gat
the MOSFET drain, the multipeak NDR characterist
shown in Fig. 1~c! are obtained as two-terminalI –V charac-
teristics. If a constant-current sourceI o is connected to the
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combined SET-MOSFET device, the periodic nature of
I –V characteristics results in a number of stability poin
and this enables multiple-valued memory operation. N
that these multipeak characteristics originate from the ch
acteristics of a single SET. And the number of peaks is in
nite in principle, but is in practice limited by the breakdow
voltage of the MOSFET drain or SET gate.

The above idea was verified with a SET fabricated
the pattern-dependent oxidation~PADOX! process9–11 and
with a MOSFET located on the same wafer. In the PADO
process, a one-dimensional Si wire patterned in silicon-
insulator ~SOI! is converted into a small Si island with
small tunnel capacitor at each end. Figure 2~a! shows theI d–
Vgs characteristics of a SET. Periodic drain–current pe
are clearly seen along with the effect of tunnel resista
modulation by the gate voltage. From Fig. 2 and a Coulo
diamond plot, the gate capacitance, source/drain capacita
and tunnel resistance were calculated to be 0.27 aF, 2.7
and 80–220 kV, respectively.

PADOX is highly compatible with the complementar
MOS ~CMOS! fabrication process, and areas other than t
of the one-dimensional Si wire can readily be used as
ordinary MOSFET channel. Here, ann-type MOSFET with
effective channel width of 12mm, channel length of 14mm,
and gate oxide thickness of 90 nm was combined with

FIG. 1. ~a! Schematic of the proposed multipeak NDR device comprisin
SET and a MOSFET. A constant-current sourceI o is connected for multiple-
valued memory operation.~b! Typical I d–Vgs ~three-terminal! characteris-
tics of a SET.~c! ExpectedI –V ~two-terminal! characteristics of the SET-
MOSFET device. Load lineI o and the corresponding stability points fo
memory operation are also shown.
8 © 2001 American Institute of Physics
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SET. The threshold voltageVth and subthreshold slopeS
corresponding to drain voltageVgs of 3 V and operating
currentI o of 4.5 nA, were 1.07 and 60 mV/dec, respective
All devices were operated and measured at 27 K.

I –V characteristics of the combined SET-MOSFET d
vice are shown in Fig. 2~b!. The current increases and d
creases periodically, reflecting theI d–Vgs characteristics of
the discrete SET. More than six peaks are obtained. Since
period of the peaks ise/Cg , wheree is a unit charge andCg

is the gate capacitance of the SET, the number of peaks
be increased by increasingCg . For some combinations of a
adjacent peak and valley, the peak-to-valley current ra
~PVCR! exceeds 2. If we connect a current source of 4.5 n
stability points a– f should appear, and multiple-value
memory operation can be expected.

FIG. 2. ~a! I d–Vgs characteristics of a SET forVds of 10 mV, measured at
27 K. ~b! I –V characteristics of the proposed NDR device forVgg of 1.08 V
measured at 27 K. Stability points (a– f ) expected for a current load of 4.
nA are indicated by circles. The SET was fabricated by the PADOX proc
~Refs. 9–11! together with the MOSFET on the same SOI wafer.

FIG. 3. Current sweep measurements of the NDR device in Fig. 2~b!. The
output voltage of the current source is limited by the compliance of 5 V
.

-

he

an

io
,

The memory operation was confirmed by the curre
sweep measurements shown in Fig. 3. If the current st
from stability point a and increases, the voltage jumps wh
the current exceeds the second peak in theI –V characteris-
tics @Fig. 2~b!#. If the current sweep is reversed at this m
ment, stability pointb can be reached. Other stability point
c–e, can also be reached by choosing higher current-sw
reversal points. Note that stability pointf cannot be attained
by this current-mode operation, because the last peak in
I –V characteristics@Fig. 2~b!# is lower than the previous
one. Direct access to any stability points can be made by
voltage-mode operation exemplified in RTD memo
devices.6

Since the PVCR is one of the major parameters for ND
devices, we analyzed the present state and sought impr
ment by simulation.12 Figure 4 shows the peak and valle
currents of SETs as a function of drain voltageVds . Closed
symbols are the measured data for the peak and valley
tween stability pointsc and d, and the lines are simulate
data. Characteristics of the MOSFET connected to the S
drain are also shown, taking into consideration that
MOSFET gate-to-source voltage is given byVgg–Vds . The
points of intersection indicated by circles are the peak a
valley conditions for the combined SET-MOSFET devic
Currently a PVCR of 2.1 is attained, and this can be furt
increased by reducing the SET valley current and/or incre
ing the slope of the MOSFET characteristics. The former c
be attained by reducing temperatureT, reducingCS , or in-
creasing tunneling resistanceRT , and the latter by reducing
CS or MOSFET subthreshold slopeS. The dashed lines in
Fig. 4 correspond to the case whereCS is reduced by a factor
of 5 andRT is increased by the same amount while keep
other parameters such asT andS constant. A PVCR as high
as 28 can be expected as the result of this moderate sca

Room-temperature operation is also considered. IfCS

andRT are further scaled by a factor of 3, almost the sa
PVCR of 20 can be expected at 300 K. Note that the red
tion of CS is very effective in maintaining the PVCR, sinc

s

FIG. 4. Peak and valley currents of SETs as a function of drain voltageVds .
Closed symbols are the measured data for the peak and valley bet
stability pointsc andd in Fig. 2~b!, and the lines are simulated data~Ref.
12!. Characteristics of the MOSFET connected to the SET drain are
shown. The continuous lines are fitted to the measured data, and the d
lines correspond to the case whereCS is reduced by a factor of 5 and th
tunneling resistance is increased by the same amount while keeping
other parameters constant.
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it reduces the effective temperature 2kBTCS /e2 and also in-
creases the slope of the MOSFET characteristics in Fig
This is the reason why scaling by a factor of 3 is sufficie
although room temperature is one order of magnitude hig
than the present measurement temperature. Also note tha
assumedS of 60 mV/dec is still attainable at room temper
ture if a MOSFET structure with a dominant gate capacito
adopted.

In conclusion, we have devised a multipeak NDR dev
consisting of a SET and a MOSFET and verified the char
teristics with devices fabricated on the same SOI wafer.
current peaks and a PVCR of 2.1 were obtained at 27 K,
multiple-valued memory operation was confirmed with
constant current load. Simulation showed that the PVCR
be increased to 28 by moderate area scaling by a factor
and nearly the same PVCR can be attained at room temp
ture by additional scaling by a factor of 3. The results op
up the possibility of achieving multiple-valued functions
integrated silicon devices.
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