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A Multiple-Valued Logic and Memory
With Combined Single-Electron and
Metal-Oxide—Semiconductor Transistors

Hiroshi Inokawa Member, IEEEAkira Fujiwarg Member, IEEEand Yasuo TakahastViember, IEEE

Abstract—Devices that combine single-electron and metal—
oxide—semiconductor (MOS) transistors are newly proposed
as basic components of multiple-valued (MV) logic, such as a
universal literal gate and a quantizer. We verified their operation
using single-electron and MOS transistors fabricated on the same
wafer by pattern-dependent oxidation of silicon. We also discuss
their application to an analog-to-digital converter, a MV adder,
and MV static random-access memory.

Index Terms—titeral gate, MOSFET, multiple-valued logic,
multiple-valued memory, quantizer, single-electron transistor
(SET).
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. INTRODUCTION

DVANCES in large-scale integrated circuits (LSIs) hawv
been basgd mostly on bm?ry logic, and some resealgh 1. (a) Schematic of the universal literal gate comprising a SET, a
on emerging single-electron devices (SEDs) has followed th@®SFET and a constant-current (CC) loag. (b) I,-V;, characteristics,
same path [1]_[5]_ However, the problems in present LSI tecyybich are almost completely independenddf.,.; since theV ,, of the SET is
. - t nearly constant & ,, minusV ., the threshold voltage of the MOSFET.
nolog){, such as increased interconnect _delay and power c@ﬁExpected transfe%"nq_vm ) characteristics.
sumption [6], [7], cannot be solved by simply replacing con-

ventional devices with SEDs, or it may even get worse due to . . . .
the low drivability originating from the high tunneling resis_stable retention while the power is on, has not practically been

tance and the high off-state leakage related to the low charg gwieved with SEDs. A. bistable fIip-.prp (inverter strir_lg) has
energy in the present technology [2], [3]. An advanced log en proposed [2], but it would be difficult to develop it into a
scheme that achieves higher functionality with fewer comp v me(rjnory. Prleht;mnarylgesglts c;]n amv merln?cry ha\ie beer(;
nents and interconnections, is thus very desirable for SE[EPOrted recently by us [19], but they were only for a slow an

Multiple-valued (MV) logic is recognized as an advanced Iogi(éOmplex current sweep measurement.

scheme in this sense [8]-[12], but its implementation has beer“1 this paper, we mtr_oduce a series of smgle-ele_zctron MV
limited to conventional devices, which are inherently singlé(-)gIC and memory, in which MO.SFETS sypplement smgl_e-elec-
threshold or single-peak and thus not fully suited for MV Iogict.ron transistors (SETs) _to attain practlcal characteristics. We
In contrast, SEDs are very suitable for MV logic because ﬂggmonstrate.the operation of basic components O.f M.V Iog|p,
discreteness of the electronic charge in the Coulomb island hasa “”'Vefsﬁ' literal gate ar_1d a quantizer, Wh'Ch IS equiv-
be directly related to multiple-valued operation. Actually, som ent to a MV static memory, using devices fabricated by the
single-electron MV logics have been proposed [13], [14], butt -based pattern-dependent oxidation (PADOX) process [20],
MV operation has not yet been verified experimentally mainl 1]. The usefulngss of the pr.oposed smgle-elegtrpn MV logic
because the schemes require unrealistic accuracy or limitati memory is discussed using an analog-to-digital converter
with respect to device parameters and operating conditions. ADC), a MV adder, and MV static random-access memory
For the same reason, SEDs are also very suitable @RAM) as examples.
MV memory. Unlike MV logics, MV schemes are already
practically used in MOS read-only [12] and flash memories Il. OPERATION PRINCIPLE
[15], [16]. Floating-node-type memories with SEDs have also A universal literal gate is a basic component of the MV logic.
been demonstrated experimentally [17], [18]. However, staliince it converts a MV input to a periodic binary output, a SET,
memory, which features a fast simple write operation anghich has periodi¢,—V ,, characteristics, is readily applicable.
However, a SET has disadvantages as a circuit element. The
Manuscript received June 10, 2002; revised November 4, 2002. The revigiain current heavily depends on the drain voltage, and thus
of this paper was arranged by Editor S. Datta. , _the output resistance is low. The maximum voltage gain of a
The authors are with NTT Basic Research Laboratories, NTT Corporation, - . ;
Kanagawa 243-0198 Japan (e-mail: inokawa@aecl.ntt.co.jp). simple inverterCy/C4, whereC, is the gate capacitance and
Digital Object Identifier 10.1109/TED.2002.808421 C, is the drain capacitance, is very small, usually less than one
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Fig. 2. (a) Schematic of the proposed quantizer (static memory). (b) Two-terfhin¥, .. characteristics of the SET-MOSFET device with the SET gate
shorted to the MOSFET drain. (c) Expected trans¥ér,(~V ,....) characteristicsV;,, is transferred t& ,.,; through the transfer gate MOSFET and is quantized
to a stability point after the gate is cut off.

or a little more than one. Applicable drain voltage is also lim-

, , . gate poly-Si
ited to a small valuee/Cs;, wheree is an electronic charge

and Cy, is the total capacitance around the Coulomb islanc 7 4/7 ;//v//g

to sustain the Coulomb-blockade condition. In order to over A/% 2}/7‘/

come these disadvantages and to make a practical MV logi Silicon- %’ ?/4

we constructed a hybrid circuit containing MOSFETS. Fig. 1(a insula%gl_’\ % f,;é//?,

is a schematic of the universal literal gate comprising a SE’ % 5%

a MOSFET and a constant-current (CC) ldad A MOSFET //{’,

with a fixed gate bias oV ,, is used here to keep the SET drain (a)

voltage almost constant®t, ,—V ;,, whereVy;, is the MOSFET strain
threshold voltage. Thi® ,,—V; is set low enough to sustain the MOSFET SET _ effect
Coulomb-blockade condition. Current through this circuit in- K I N T N
creases and decreases periodically as a function of input volta °__|_ _!_ §

[Fig. 1(b)] unless the CC load is connected. The current is dete i1a o Y
mined only by the input voltage; it is independent of the outpu quantum
voltage, because the drain voltage of the SET is kept constant size effect
the MOSFET. When the CC load is connected and the increasil position
drain current crosses the load line bf, the output voltage (b) (c)

switches very sharply from high to low. Then, at the secona

crossing point, it switches from low to high, and so on. ThuE,ig- 3. (@ Possiblg layout of the integrated SET and I\/_IOSFE‘_I'. (b) Circuit
h ) _like input—output characteristics with alardlagram corresponding to the layout above. (c) Potential profile along the
sharp square-wave-like Input—outp Igﬁgth of the narrow wire, where a SET is created by pattern-dependent

voltage swing are obtained [Fig. 1(c)]. Note that the CC load caxidation (PADOX) [20], [21]. Since areas outside the wire can readily be used
be realized experimentally by using a current-mode output frdfi MOSFETs, PADOX is highly compatible with a CMOS process.
a semiconductor parameter analyzer with compliance (voltage

limit) of Vaq. Practically, a depletion-mode MOSFET with itsjifference between it and our previous MV memory [19] is the
gate and source shorted can be utilized as will be shown latesqgition of the transfer-gate MOSFET. We can directly select
~ Fig. 2(a) is a schematic of the proposed quantizer. SIpce gny stability points in a short time through this MOSFET.

is independent oV ,..;, the periodicl,—V ,, characteristics of  Note that the number of periods in the universal literal charac-
a SET can be converted to two-termidah-V .., characteris- teristics [Fig. 1(c)] or voltage levels in the quantizer characteris-
tics by simply connecting the SET gate to the MOSFET draifts [Fig. 2(c)] is infinite in principle. This is a unique feature of
[Fig. 2(b)]. With a CC loadl,,, many stability points appear, oyr SET-based MV logic, and leads to a considerable reduction
and each stability point has a pull-in range separated by th€the number of devices in a circuit.

dashed linesV,, fed through the transfer-gate MOSFET is

quantized to a stability point after the gate is cut off. This re-
sults in the staircase-lik¥;,—V ,.: characteristics shown in
Fig. 2(c). This quantizer can be regarded as a static memory
as it has a latching capability, i.e., the stable condition is keptThe layout of the integrated SET and MOSFET, and the corre-
even after the input is removed as long as the power is on. T$ponding circuit diagram are shown in Fig. 3(a) and (b). Both the

I1l. EXPERIMENTS
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Fig. 5. Coulomb diamond plot of the SET shown in Fig. 4. From this
%gure, gate capacitandg,, source capacitand@,, drain capacitanc€'; and
tunneling resistance are calculated to be 0.27 aF, 2.7 aF, 2.7 aF 212282,
respectively.

Fig. 4. I,-V,, characteristics of a SET fabricated by the PADOX proces
measured at 27 K.

SET and the MOSFET were fabricated on a thin silicon-on-ir-
sulator (SOI) layer whose original thickness before oxidatic I
was 30 nm. The SET was created in a narrow wire region | 10+
PADOX [20], [21] at 1000 C in pure oxygen ambient. The orig- [
inal length and width of the wire were both 50 nm, and the lattt = 1(Q-6 [
shrank to about 10 nm after oxidation. The quantum size effe=
raises the potential in the wire, but in the middle of the wire th~
high compressive stress generated by the oxidation reduces=>
bandgap [Fig. 3(c)] [21]. This creates two tunnel barriers ar
an island sandwiched between them, which constitute a St ~ 10-10T
Since the areas outside the wire can easily be used for MC -
FETs, PADOX is highly compatible with the CMOS process. 1012}
Fig. 4 shows thd ;—V ;5 characteristics of a SET with drain , ,
voltage as a parameter. Periodic drain-current peaks are clei 0.5 1 1.5 2 2.5 3
seen along with a strong drain voltage dependence of curre
As is often observed in semiconductor SETS, the peak heig vgs (V)
are uneven and the positions are not perfectly periodic, but tkie 6. I.-V,. characteristics of a MOSFET fabricated on the same SOI

; P ; afer as the above SET, measured at 27 K. Effective channel width and length
degree of Irregmamy IS acceptable for the fO”OWIng derTmnstré‘lnd gate oxide thickness are A&, 14pm and 90 nm, respectively. Threshold

tions of 6-valued operation. voltageV,,, corresponding td, = 4.5 nAandV,, = 3V, is 1.07 V, and
Fig. 5 shows the Coulomb diamond plot for the device showransconductanc&,,, atVs, = V4. = 3 Vis 15148.

in Fig. 4. From this figure, gate capacitan@g, source capaci-
tanceC, drain capacitanc€y, and tunnel resistance were caltizer can be observed. However, the peak-to-valley current ra-
culated to be 0.27 aF, 2.7 aF, 2.7 aF, and-8R20 K2, respec- tios (PVCRSs) ofl; in Figs. 1(b) and 2(b) become suppressed,
tively. The maximum voltage gai€,/C; (inverting) and appli- and the ranges df ,,; in Figs. 1(c) and 2(c) become narrower.
cable voltages/C, for this SET are as low as 0.1 and 28 mV, Fig. 7 shows the input—output characteristics of the universal
respectively. However, there is no problem in constructing thieral gate. The output voltage increases and decreases period-
proposed MV logic and memory, because these values are sepHly with the input voltage, reflecting the original character-
plemented by the MOSFET. istics of the SET. The output shows a clear saturation level of
Fig. 6 shows the subthreshold characteristics of a MOSFES high as 5 V, which is sufficient to drive the next stages of
fabricated on the same SOI wafer for drain voltages of 5 V ail@ET or MOSFET circuits. The voltage gain, which represents
10 mV. The gate length and width and the gate oxide thicknetb& sharpness of the transition, is the product of the maximum
are 14um, 12,m, and 90 nm, respectively. In order to maintaimvailable voltage gains of the SET and the MOSFET, according
the constant drain voltage of the SET, the subthreshold slopag@the analysis of a cascode amplifier [23]. If the-V 4, char-
the MOSFET should be steep and ¥g, shift due to the drain acteristics of the MOSFET were perfectly flat in the saturation
voltage should also be small. The actual subthreshold slopesr@gion, the voltage gain would be infinite and the abrupt transi-
95 and 62 mV/decade for drain voltages of 10 mV and 5V, réien shown in Fig. 1(c) could be obtained. In reality, the voltage
spectively, and th&,;, shift is 53 mV at the drain current of gain of the present MOSFET is only 400, and the resultant slope
operation (4.5 nA). Despite these rather large values [22], tb&the transition is about 40. Though this slope is much larger
qualitative behavior of the proposed literal gate and the quahan the gain of the discrete SET, it still needs further improve-

104 |
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current. The PVCR can easily be improved to 28 for instance
, by simply decreasing th€y, by a factor of 5 and increasing the
—1 ﬂ m ’—‘ ,—‘ r tunneling resistance by the same amount [19].
Quantizer operation was verified using the setup shown in
- Fig. 9. The central SET and MOSFET were on the same wafer,
but the transfer-gate MOSFET1 and the MOSFET?2 for probing
were connected externally. A triangular wave was fed{q,
and the gate of MOSFET1 was driven by short pulseGbK .
B Different voltage levels in the triangular wave were sampled by
the MOSFET1, transferred to the storage nddg,;, and quan-
- U U U U tized. The waveforms are shown in Fig. 1Q,,,; was quantized
U to levelsa~f that correspond to stability points in Fig. 8. The
operating speed in the figure is not limited by the intrinsic per-
2 3 4 5 formance of the device, but by the large stray capacitance of
Vin (V) 370 pF atV -
Fig. 7. Measured transfeV(;,,—V ... ) characteristics of the proposed literal
gate [Fig. 1(a)] comprising a SET,aMOSFET anda CC Ioad.ng_is setto IV. DISCUSSION
1.08 V to attain a SET drain voltage of about 10 mV. The CC load is realized by :

a current-mode output of 4.5 nA from a semiconductor parameter analyzer wjth C
compliance (voltage limit) of 5 V. Originally, the SEIl;-V ,, characteristics '& Appllcatlon to ADC and MV Adder

have a largd/,. dependence as indicated in Fig. 4, and #iis dependence iy 17 js a block diagram of a 3-bit flash ADC based on
I;nezi"fee\lll::ted by the MOSFET, resulting in a large voltage swing and sharp rlst se combined SET-MOSFET scheme. Input is quantized by the
proposed circuit, and then capacitively divided into the literal
gate corresponding to each output digit. Although a conven-
tionaln-bit flash ADC requires?—1 components, such as com-
parators, the SET ADC [24], [25] requires onlycomponents.
stability points This particular ADC with the quantizer at the front end and
the SET-MOSFET literal gates does not require comparators,
d i e f latches, or ramp generators at each literal gate because the quan-
i \ tizer has a latching capability and the literal gates have square-
wave-like transfer characteristics with saturated high and low
-@--leg levels. The use of Gray code is not necessary either, since the
\ ° quantizer prevents the entry of intermediate voltage levels.

Fig. 12 is a circuit diagram of the ADC in Fig. 11. De-
pletion-mode MOSFETs are used in place of CC loads
(M3, M5, M7 and M9) and to eliminate the gate bias
; ! . voltage for the stacked MOSFETM(2, M4, M6 and MS8).

2 3 4 5 The MOSFETSs for CC loads operate in the saturation region,
vV (V) and theV,; or channel width or length must be adjusted to

_ . out 7 ~ attain the target currerk,. The absoluteV,;, of the stacked

Wit the SET gate Shorted 16 the MOSFET crain, measured at Loaw,pf  MIOSFETS, which corresponds to the drain voltage of the

[19]. Stability points &~f) and the corresponding pull-in ranges expected fopE 1S, Should be low enough to sustain the Coulomb blockade

the current load of 4.5 nA are also shown. condition.

The circuit shown in Fig. 12 is remarkably simple in that a
ment, that could be attained by increasing the output resistatiteral gate is constructed with only three elements and a quan-
and/or the transconductance of the MOSFET. tizer with only four. In the conventional implementation with

Fig. 8 shows the two-termindl;—V ,,,; characteristics of the MOSFETS, the main blocks of the ADC, excluding the quan-
SET-MOSFET device withthe SET gate shorted to the MOSFHiker, require 28 transistors [8]. The proposed circuit requires
drain [19]. The current increases and decreases periodicadlgly half, i.e., nine transistors and five capacitors.
reflecting thel,—V ., characteristics of the discrete SET. If Fig. 13 shows the block diagram of a full adder for redundant
we were to connect a CC load of 4.5 nA, stability poiatsf positive-digit number representation PD2-3 [8]. The main parts
corresponding to quantized levels would appear, and each paifthis adder are the same asthose ofthe 3-bit ADCin Figs. 11 and
would have a pull-in range nearly equal to the voltage rand®2, and®s are the linear sums. This number system is 4-valued,
of the quantizer input associated with the quantized level. Thad each digitcantake0, 1, 2, or 3. For example, decimal number
PVCR ofthe SET-MOSFET device shownin Fig. 8is 2.1 atmo4® can be expressed by (3, 2p3),_3, and 18 can be expressed
and much smaller than that of the discrete SET in Fig. 4. THiy (3, 2, 2k ps_3. It can be seen that the sum of these numbers
is because the MOSFET is not an ideal constant voltage souisealculated by this circuitto be (1, 2, 1, 0p¥)2—_3, which cor-
to the SET drain; that is, increased drain voltage increases theponds to the decimal 37 and is the right answer. As can be ex-
valley current and decreased drain voltage decreases the gasatted from the results forthe 3-bit ADC, the number of elements

vout (V)

© = N W ~ O

pull-in range of each stability point

Lt K P Lt Y > P

0
+g
()
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N W ~h 01 O N
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Fig. 9. Measurement setup for the quantizer proposed in Fig. 2(a). The central SET and MOSFET are on the same wafer. The external MOSFET1 is a transfer
gate, and MOSFET?2 is used as an FET probe to measuilé thesustained by a small current (A).
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Fig. 10. Quantizer operation measured by the setup in Fig. 9, Wjth of 1.08 V and a CC load of 4.5 nA. Operation speed is not limited by the intrinsic
performance of the device, but by the large stray capacitance of 370\pF..at
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Fig. 11. A block diagram of a 3-bit flash ADC. A conventionabit flash ADC requires:> — 1 components, whereas the SET ADC [24], [25] requires anly
This particular ADC with the quantizer at the front end and with the SET-MOSFET literal gates does not require comparators, latches, or ranmpajeaatator
literal gate. Gray code is not necessary either.

in this adder can be reduced by half through the use of the coanithmetic itself has the merit of high-speed operation due to the
bined SET-MOSFET scheme. In addition, this multiple-valueglimination of carry propagation.
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Fig. 12. The circuit diagram of the 3-bit ADC in Fig. 11. Depletion-mode MOSFEMI&, M4, M6 and M8, keep the drain voltage of the SETs nearly
constant at the absolute threshold voltage. Other depletion-mode MOSMEX.sM 5, M7 andM 9, serve as CC loads.
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Fig. 13. Afull adder for redundant positive-digit number representation PD2-3 [8] consisting of three ADC blocks without a quantizer, and Briear. Jinis
adder is free from carry propagation, and is thus fast. By using the SET-MOSFET devices, multiple-valued logics of this kind can be made withrhlaéfrthe nu
of elements in conventional implementation.

B. Application to SRAM C. Operating Speed

Fig. 14(a) shows a four-transistor memory cell for large-scale The current that can be supplied from the proposed logic is
SRAMSs. Again, a depletion-mode grounded-gate MOSFEJetermined by the margin between the load curigrand the
M1 is used to sustain the SET drain voltage, and anothgeak/valley currents, and is of the order of 1 nA (Fig. 8). If
depletion-mode MOSFETMZ2, with its gate and source we assume the voltage swing of 1 V and the load capacitance
shorted serves as a CC load. The pass-trandMi®rcontrols of 100 fF, which roughly corresponds to the wiring length of
the access to the cell. In write operation, the voltage appliedtamm, the delay time becomes as large as A80Since the
the bit line BL) is transferred through3, and is quantized to input capacitance of a SET is very small, the load capacitance
a stability point aftedM3 is cut off. In the read operation, thecan probably be reduced to 100 aF by limiting fan-out and
stored voltage level is transferred back&®. throughM 3, and reducing wiring length. The 100 aF is still much larger than
then sensed by peripheral circuits. Fig. 14(b) shows an examjle total capacitanc€'sy around the Coulomb island, which
of the cell layout. The cell has an area of 38 whereF is  satisfies the requirement for stable SET operation. The available
half the minimum wiring pitch. Thus, this cell not only has autput current can be increased to over 10 nA by improving
multiple-valued capability, but is much smaller than a CMO#8e peak-to-valley ratio and adjusting the SET drain voltage.
binary SRAM cell. In addition, the voltage swing can be reduced by nearly one
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Fig. 14. Single-electron MV SRAM cell with two depletion-mode MOSFEMY andM 2) and one enhancement-mode MOSFBIJ). (b) An example of
the SRAM layout. Metal-1 and 2 lines are drawn narrower for clarity. The unit cell area surrounded by the dashel linBiswhereF" is half the minimum
wiring pitch.
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TABLE |
CELL STRUCTURES TOIMPROVE THE OPERATING SPEED OF THEMV SRAM

torage| |
nod

Cell
structure

Original w/ storage capacitor w/ read-out Trs.
4 5 6

No. of
—elements

V:‘I;i;l;-;n Fast Fast Fast

Read-out
mode

R:;:;%ut Slow Fast Fast

Non-destructive Destructive Non-destructive

Comparable|
__speed to

- Multiple-valued DRAM Multiple-valued Flash

order of magnitude. These changes of parameters would resirice the area above the storage node is open in the proposed
in a delay time of about 1 ns. cell [Fig. 14(b)].

For large-scale memories, different approaches should béSpeed could also be improved by adding MOSFETSs spe-
taken to improve the speed because the load capacitance, ¢i@lized for read-out operation (right column of the tablef
the BL capacitance, cannot easily be reduced. Other possibt#verts voltages at the storage node to current levelsivaid
cell structures are compared with the original one in Table g¢ontrols the access from the sense li8k). By using a special
If we add a storage capacit@f, to the storage node (centerread-out scheme, such as parallel charge sensing, speed compa-
column of the table), the charges storeddn can be driven rable to that of MV flash memory [15], [16] could be attained.
out to theBL in a short time. The small voltage difference o\lithough this cell structure enables nondestructive read-out,
the BL is read by a sense amplifier. The speed should be coasl!l area is sacrificed considerably due to the increased number
parable to that of multiple-valued DRAM [26]. Although theof transistors.
read-out operation is destructive, the data would be refreshed ,
immediately by the sense amplifier. Of course, the SRAM- Manufacturing Issues
proposed above does not require periodic refreshing. Also notdn the proposed application of a SET to MV logic and
that the area penalty due to the storage capacitor is negligibteemory, control of the oscillation periode/C,) and the
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threshold voltage is quite important. If the number of MV [7]
levels isN, fluctuation ofe/C, should be much smaller than 8]
the target/C, divided by N, and fluctuation of the threshold
voltage should be much smaller thafC,. In the PADOX
device, we have found a clear relationship between Si wire
length andC, [27]. This means that size control is critical for
attaining an accurate oscillation period. We have also found
that the threshold voltage of the SET is related uniquelZjo [0l
[28], [31]. This indicates that there is not an apparent effect of
random offset charges [29] among the measured devices, afid]
again that size control is crucial for controlling the threshold
voltage. Since the densities of interface traps and fixed oxidg 2
charges in the Si—SiQOsystem are of the order of 10cm~2,

we cannot ignore the random offset charges in Iarge-scalﬁg
circuits. Still, the primary concern in the present device is size
control. Considering the rapid progress of Si LSI technology
[30], we will be able to attain a better control of size and!
to make SET-MOSFET hybrid circuits with predetermined
characteristics in the foreseeable future.

(9]

[15]

V. CONCLUSIONS [16]

We made the best use of the periodic nature of the SET char-
acteristics to construct MV logic and memory. By combining 17]
a SET with a MOSFET, which can be fabricated on the samé
SOl wafer by the PADOX process, we obtained a universal lit-
eral gate that has sharp transfer characteristics and large outﬂ’cﬂ]
amplitude. We also verified the operation of a novel quantizer,
which is equivalent to a MV static memory, based on the same
scheme. These basic components for MV logic and memory ard®
extremely compact in that the literal gate requires only three el-
ements and the quantizer only four. Moreover, the number of
periods or quantized levels is infinite in principle and does nof?!
affect the circuit size. With these components, we showed that a
3-bit flash ADC and a carry-propagation-free adder for redun{21]
dant number representation PD2-3 could be made with half the
number of elements in a conventional implementation. A MV[22]
SRAM cell could be made with an area of 3K, which is
much smaller than that of a CMOS binary cell. These results
open up the possibility of constructing a new class of MV logic
and memory with single-electron devices. 23]
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