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Room-temperature operation of an exclusive-OR circuit using a highly
doped Si single-electron transistor

Tetsuya Kitade, Kensaku Ohkura, and Anri Nakajimaa!
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We fabricated highly doped Si single-electron transistorssSETsd with a series of geometrically
defined multiple islands. Highly doped SETs have the advantage of being easy to fabricate.
Moreover, SETs with multiple islands provide a larger peak-to-valley current ratiosPVCRd than
SETs with a single island. A PVCR for the Coulomb oscillation of up to 77 was observed at room
temperature. This large PVCR is advantageous for circuit operations. We applied the Coulomb
oscillation and multiple-gate input characteristics of only one SET to obtain an exclusive-OR
operation at room temperature. ©2005 American Institute of Physics. fDOI: 10.1063/1.1894594g
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Single-electron devices utilizing the Coulomb block
effect are promising for use as the basic elements of fu
low-power, high-density integrated circuits.1–4 To develop
these devices into commercial products, room-temper
operation capability and Si-based fabrication are neces

Single-electron transistorssSETsd applied in logic cir-
cuits require more advanced functionality than conventi
complementary metal-oxide-semiconductorsCMOSd cir-
cuits. Takahashiet al.5 reported an exclusive-ORsXORd cir-
cuit operation using a Si SET fabricated by patte
dependent oxidation at 40 K. They utilized the Coulo
oscillation and the ability of a SET to contain several g
electrodes. Saitohet al.6 reported an XOR circuit operatio
using a point-contact channel single-hole transistor wi
single island at room temperature. They utilized the C
lomb oscillation and negative differential conductance
achieve XOR operation. In both of these circuits, the num
of transistors necessary for XOR circuit operation could
greatly reduced as compared with a CMOS logic circuit
far, however, only few SET circuits have been develo
with such advanced functionality.

On the other hand, the above two SETs are invers
carrier-type field-effect SETs, in which the inversion lay
are used as source/drain electrodes. Recently, we have
cated a highly doped Si SET with a series of multiple g
metrically defined islands and multiple side gates.7–9 In
highly doped SETs, carriers are generated from dop
Highly doped SETs have the advantage of being easy to
ricate, because they require only one electron beamsEBd
mask to form both the Coulomb islands and multiple
gates. Moreover, SETs with multiple serially connected C
lomb islands have the advantages of offering h
temperature operation8 and suppressing cotunneling. We p
viously reported an exclusive-not-OR circuit operation
77 K with this SET.9

In the current work, we observed a large peak-to-va
current ratiosPVCRd for the Coulomb oscillation even
room temperature in a SET with multiple Coulomb islan
Therefore, based on these characteristics, we report an
operation at room temperature. The reduced number o
quired transistors, the room-temperature operation, and
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circuit fabrication should open up the development of S
logic circuits.

We fabricated a regular one-dimensional array of na
cale islands in a silicon-on-insulator layer by using EB
thography. SETs with one island were also fabricated
comparative purposes. Figures 1sad and 1sbd respectively
show a schematic diagram and a scanning electron m
copy sSEMd image of the SET with one-dimensional ar
structure. Multiple gatessindicated as Gate 1 and Gated
were formed on both sides of the channel wire. The to
layer was doped by POCl3 annealing. The doping level w
231019–131020 cm−3. After dry etching with an electro
cyclotron resonance etcher with the resist pattern as a m
subsequent isotropic wet etching in an NH4OH/H2O2/H2O
solution was conducted to reduce the device dimensio10

The final thickness of the top Si layer was about 10
After the wet etchingfFig. 1sbdg, the width of an island an
that of the region between adjacent islands were abo
and 10 nm, respectively. The distance between the cent
adjacent islands was 250 nm, and the length of the na
channel-wire region, which had a width of about 10 nm
tween adjacent islands, was 50–100 nm. The separatio
tween the channel wire and the side gates was 240 nm

Figures 2sad and 2sbd respectively show the Coulom
oscillations at room temperature for SETs with a single
land and 22 islands. The maximum observed PVCRs
3.5 for the SET with a single island and 77 for the one w
22 islands. Figure 3 shows PVCR versus island numb
the measured devices in which Coulomb oscillations are
served at room temperature. There are several SETs h
much larger PVCR values for multiple islands than those
a single island. One possible reason for the large values
reduction of effective junction capacitance of the SETs
multiple islands due to the multiple junctions. Neverthel
the effect of overall size reduction and the increased p
ability of encountering small islands due to the increa
number of serially connected islands cannot be ruled o
the reason. Further study is necessary to clarify the rea

A large PVCR is advantageous for circuit operati
without errors. Though a multiple-island structure has
ability to make a PVCR larger, it requires a larger area. T
is a tradeoff between the area and the reduction of effe
junction capacitance due to the serial connection of mul:

junctions. Therefore, we have to find an optimal island num-
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ber for practical use. On the other hand, for high volt
gain, we have to enlarge the gate-island capacitanceCg com-
pared with the junction capacitanceCj. In the side-gate stru
ture,Cg is usually small due to the large gate-island dista
Therefore, we have to make an effort to reduce the dista
This, in turn, loses the advantage of reduction of the effe
junction capacitance by a multiple junction system. For p
tical use, we also have to find out an optimal distance,
erwise we have to use an additional amplifier.

A SET with multiple gates can operate as an XOR cir
by utilizing its oscillatory drain currentsIdd characteristic
si.e., Coulomb oscillationd. Figure 4sad shows the equivale
circuit of our SET with multiplesdoubled gates, while Fig
4sbd illustrates the operation principle of the SET with m
tiple gates. Since theId value is determined by the sum of t
products of each gate capacitancesCgid and gate voltag
sVgid, Id is simply a function of the sum of theVgi whenCg1

is equal toCg2. We can chooseVgi as a low input voltagesLd
or a high input voltagesHd so as to satisfy the followin
conditions: AId peak appears whenVg1 sVg2d values isH and
Vg2 sVg1d is L. Simultaneously, aId valley appears when th
values ofVg1 andVg2 are bothH or bothL. Thus, the outpu
currentId is low sLd when the input voltages are in theHH
statesboth Vg1 andVg2 Hd or theLL statesboth Vg1 andVg2
Ld. Likewise, the output currentId is highsHd when the inpu
voltages are in theHL or LH statefVg1 sVg2d is H and Vg2

sVg1d is Lg. This corresponds to the operation of an X
circuit.

FIG. 1. sad Schematic diagram andsbd SEM image of a SET with doub
side gates and a highly doped narrow channel with an array of nan
islands.

FIG. 2. Drain current vs gate voltage characteristics at room temperatu
SETs with sad a single island andsbd 22 islands. The observed maximu

PVCRs weresad 3.5 andsbd 77.
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Figure 5sad shows the room-temperatureId characteris
tics of our SET with 22 islands as a function ofVg1 or Vg2.
Here, the voltage of only one of the side gates was sw
while that of the other side gate was kept at 0 V. The n
characteristics forVg1 sweep are probably due to the ex
tence of traps between the array and Gate 1. As seen
figure, the characteristics forVg1 are nearly equal to those f
Vg2. This indicates thatCg1 almost equalsCg2, which enable
easy application of our SET to an XOR logic circuit. TheId
peak appears whenVg2 is about 34.3 V, while theId valley
appears whenVg1 is about 38.6 V. Also,Id is nearly zero
whenVg1 or Vg2 is around 30 V. Taking the nearly equaId
characteristics forVg1 andVg2 into account, if we choose th
low sLd and highsHd input voltages for one side gate as
and 19.3 V, respectively, the sum of the voltages of the
side gates becomes 30 and 38.6 V for theLL andHH input
states, respectively, where theId valleys appear. Also, for th
LH andHL input states, the sum becomes 34.3 V, where
Id peak appears.

Figure 5sbd shows theId switching in response to switc
ing the two input gate voltages between 15 VsLd and 19.3 V
sHd at room temperature. When the input voltages are in
LL or HH state, the outputId is L sless than 0.3 pAd. When
the input voltages are in theLH or HL state, the outputId is
H smore than 0.6 pAd. These results demonstrate XOR
eration with our SET. It should be noted that theH sandLd
output states ofId will become highersand lowerd if the Id
peak and valley each appear at completely the same val
Vg1 andVg2 in Fig. 5sad.

le

r

FIG. 3. PVCR vs island number of all the devices in which Coulomb o
lations are observed at room temperature. Closed circle, inverted tri
diamond, and square represent the observed PVCRs for 1, 11, 22,
islands, respectively.

FIG. 4. sad Equivalent circuit for our SET with double gates.Cgi and Vgi

stand for the gate capacitance and voltage, respectively.Vd and Vs are the
respective drain and source voltages.Vs is grounded.sbd Operation principle
of a SET with multiple gates. When the sum of the two input volta
becomes a voltage corresponding to a peak, the drain currentsIdd increase
fthe high sHd output stateg. On the other hand, when the sum becom

voltage corresponding to a valley,Id decreasesfthe low sLd output stateg.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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In summary, we have fabricated a highly-doped Si S
with multiple islands and multiple side gates. The SET
hibited Coulomb oscillation with a large PVCR at room te
perature. We applied the Coulomb oscillation and multi
gate input characteristics to XOR circuit operation
achievedId switching at room temperature. Using a S
with multiple gates requires fewer transistors in a logic
cuit as compared with a circuit composed of conventi
CMOS transistors. In addition to its advanced functiona
the easy fabrication and room-temperature operation o
proposed circuit demonstrate the feasibility of practical
logic circuits.
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