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Room-temperature operation of an exclusive-OR circuit using a highly
doped Si single-electron transistor
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We fabricated highly doped Si single-electron transisi@ET9 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 (BWCR) 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. ZD05 American Institute of PhysidDOI: 10.1063/1.1894594

Single-electron devices utilizing the Coulomb blockadecircuit fabrication should open up the development of SET
effect are promising for use as the basic elements of futuréogic circuits.
low-power, high-density integrated circuits! To develop We fabricated a regular one-dimensional array of nanos-
these devices into commercial products, room-temperatureale islands in a silicon-on-insulator layer by using EB li-
operation capability and Si-based fabrication are necessarythography. SETs with one island were also fabricated for
Single-electron transistor6SET9 applied in logic cir- comparative purposes. Figuresall and 1b) respectively
cuits require more advanced functionality than conventionathow a schematic diagram and a scanning electron micros-
complementary metal-oxide-semiconduct¢€MOS) cir-  copy (SEM) image of the SET with one-dimensional array
cuits. Takahashet al’® reported an exclusive-OROR) cir- structure. Multiple gategindicated as Gate 1 and Gate 2
cuit operation using a Si SET fabricated by pattern-were formed on both sides of the channel wire. The top Si
dependent oxidation at 40 K. They utilized the Coulomblayer was doped by POgChannealing. The doping level was
oscillation and the ability of a SET to contain several gate2 x 10'°—~1x 107° cmi 3. After dry etching with an electron
electrodes. Saitobt al® reported an XOR circuit operation cyclotron resonance etcher with the resist pattern as a mask,
using a point-contact channel single-hole transistor with a&ubsequent isotropic wet etching in an }H/H,O,/H,0O
single island at room temperature. They utilized the Cousolution was conducted to reduce the device dimensidns.
lomb oscillation and negative differential conductance toThe final thickness of the top Si layer was about 10 nm.
achieve XOR operation. In both of these circuits, the numbepfter the wet etchingFig. 1(b)], the width of an island and
of transistors necessary for XOR circuit operation could behat of the region between adjacent islands were about 20
greatly reduced as compared with a CMOS logic circuit. Saand 10 nm, respectively. The distance between the centers of
far, however, only few SET circuits have been developedadjacent islands was 250 nm, and the length of the narrow
with such advanced functionality. channel-wire region, which had a width of about 10 nm be-
On the other hand, the above two SETs are inversiontween adjacent islands, was 50—100 nm. The separation be-
carrier-type field-effect SETs, in which the inversion layerstween the channel wire and the side gates was 240 nm.
are used as source/drain electrodes. Recently, we have fabri- Figures 2a) and 2b) respectively show the Coulomb
cated a highly doped Si SET with a series of multiple geo-oscillations at room temperature for SETs with a single is-
metrically defined islands and multiple side gafésin  Jand and 22 islands. The maximum observed PVCRs were
highly doped SETs, carriers are generated from dopantg.5 for the SET with a single island and 77 for the one with
Highly doped SETs have the advantage of being easy to fatp2 islands. Figure 3 shows PVCR versus island number of
ricate, because they require only one electron béBB)  the measured devices in which Coulomb oscillations are ob-
mask to form both the Coulomb islands and multiple sideserved at room temperature. There are several SETs having
gates. Moreover, SETs with multiple serially connected Coumuch larger PVCR values for multiple islands than those for
lomb islands have the advantages of offering high-a single island. One possible reason for the large values is the
temperature operatifrand suppressing cotunneling. We pre- reduction of effective junction capacitance of the SETs with
viously reported an exclusive-not-OR circuit operation atmultiple islands due to the multiple junctions. Nevertheless,
77 K with this SET the effect of overall size reduction and the increased prob-
In the current work, we observed a large peak-to-valleyability of encountering small islands due to the increased
current ratio(PVCR) for the Coulomb oscillation even at number of serially connected islands cannot be ruled out as
room temperature in a SET with multiple Coulomb islands.the reason. Further study is necessary to clarify the reason.
Therefore, based on these characteristics, we report an XOR A large PVCR is advantageous for circuit operations
operation at room temperature. The reduced number of remithout errors. Though a multiple-island structure has an
quired transistors, the room-temperature operation, and eagiility to make a PVCR larger, it requires a larger area. There
is a tradeoff between the area and the reduction of effective
author to whom correspondence should be addressed; electronic mailUNCtion capacitance due to the serial connection of multiple
nakajima@sxsys.hiroshima-u.ac.jp junctions. Therefore, we have to find an optimal island num-
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FIG. 3. PVCR vs island number of all the devices in which Coulomb oscil-
lations are observed at room temperature. Closed circle, inverted triangle,

o ) ) diamond, and square represent the observed PVCRs for 1, 11, 22, and 60
FIG. 1. (a) Schematic diagram an@) SEM image of a SET with double islands, respectively.

side gates and a highly doped narrow channel with an array of nanoscale
islands.

Figure 5a) shows the room-temperatutg characteris-

ber for practical use. On the other hand, for high voltagelicS Of our SET with 22 islands as a function g, or V.
gain, we have to enlarge the gate-island capacit&ijam- He_re, the voltage of on!y one of the side gates was swept,
pared with the junction capacitan€g. In the side-gate struc- while that of the other side gate was kept at 0 V. The noisy
ture, C is usually small due to the large gate-island distancegharacteristics foVg, sweep are probably due to the exis-
Therefore, we have to make an effort to reduce the distancdénce of traps between the array and Gate 1. As seen in the
This, in turn, loses the advantage of reduction of the effectivdigure, the characteristics i, are nearly equal to those for
junction capacitance by a multiple junction system. For pracVgz: This indicates thaCq, almost equal€,,, which enables
tical use, we also have to find out an optimal distance, oth€a@sy application of our SET to an XOR logic circuit. The
erwise we have to use an additional amplifier. peak appears whevl, is about 34.3 V, while the, valley

A SET with multiple gates can operate as an XOR circuit2PPears wheivg, is about 38.6 V. Alsol is nearly zero
by utilizing its oscillatory drain currently) characteristics WhenVg, or Vg, is around 30 V. Taking the nearly equgl
(i.e., Coulomb oscillation Figure 4a) shows the equivalent Characteristics foy, andVy, into account, if we choose the
circuit of our SET with multiple(double gates, while Fig. 10w (L) and high(H) input voltages for one side gate as 15
4(b) illustrates the operation principle of the SET with mul- and 19.3 V, respectively, the sum of the voltages of the two
tiple gates. Since thig value is determined by the sum of the Side gates becomes 30 and 38.6 V for theand HH input
products of each gate capacitan(@;) and gate voltage states, respecnvely, where thevalleys appear. Also, for the
(Vg), 14 is simply a function of the sum of thé; whenCy LH andHL input states, the sum becomes 34.3 V, where the
is equal toCy,. We can choos¥, as a low input voltagél) ~ !d P€ak appears. o _
or a high input voltageH) so as to satisfy the following Figure E_(b) shows thd 4 switching in response to switch-
conditions: Al peak appears whevt, (V) values isH and ing the two input gate voltages betwgen 151y and 19.3 V
Vg2 (Vg1) is L. Simultaneously, &4 valley appears when the (LHL) at|_r|(|)_|om tempr:arature. W_heC tlhe mp;]ut vglgigesvz\ilrhe in the
values ofVy; andVy, are bothH or bothL. Thus, the output or state, the ou_tpultd is L (less than 0.3 pp en
currently is low (L) when the input voltages are in th¢H ﬁe(r':grlg ;;]Oeitr]a%eg s;s_;%;gz*g;&t S(;{;i:re](’):]g?r;tgtg(u(t)dlésop
state(both V,; andV,, H) or theLL state(bothV,; andV,, . ) : ;
L). Likewise? the ou?put curreny is high (H) whe% the ingut eration with our SET. It should be noted that tHe(andL)

voltages are in theil or LH state[V., (V) is H andV,, output states ofy will become higher(and lowej if the I4
(Vo) is L]. This corresponds to thg op(geration of an QXORpeak and valley each appear at completely the same values of
oL ' Vg1 andVy, in Fig. 5a).
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of a SET with multiple gates. When the sum of the two input voltages
FIG. 2. Drain current vs gate voltage characteristics at room temperature fdrecomes a voltage corresponding to a peak, the drain culigribhcreases
SETs with(a) a single island andb) 22 islands. The observed maximum [the high(H) output stat¢ On the other hand, when the sum becomes a

PVCRs were(a) 3.5 and(b) 77. voltage corresponding to a vallely, decreasefthe low (L) output staté
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(a) 14 — In summary, we have fabricated a highly-doped Si SET
12 with multiple islands and multiple side gates. The SET ex-
g . hibited Coulomb oscillation with a large PVCR at room tem-
E perature. We applied the Coulomb oscillation and multiple-
g os gate input characteristics to XOR circuit operation and
2 s achievedly switching at room temperature. Using a SET
% 04 with multiple gates requires fewer transistors in a logic cir-
a cuit as compared with a circuit composed of conventional

62 CMOS transistors. In addition to its advanced functionality,

the easy fabrication and room-temperature operation of our

Gate voltage (V) proposed circuit demonstrate the feasibility of practical SET
logic circuits.
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