Single-electron transistor logic
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We present the results of numerical simulations of a functionally complete set of complementary
logic circuits based on capacitively coupled single-electron transi€€@ETS. The family includes

an inverter/buffer stage, as well as two-input NOR, NAND, and XOR gates, all using similar tunnel
junctions, and the same dc bias voltage and logic levels. Maximum operation temperature, switching
speed, power consumption, noise tolerances, error rate, and critical parameter margins of the basic
gates have been estimated. When combined with the data from a preliminary geometrical analysis,
the results indicate that implementation of the CSET logic family for operatioh~&20 K will

require fabrication of structures with2-nm-wide islands separated byl-nm-wide tunnel gaps.
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The effects of correlated single-electron tunneliffigr is never too far from its asymptotithigh-voltage value
reviews see, e.g., Refs. 1 and &low the control of the when the circuit and operation parameters are optimized.
motion of single electrons in solid state structures which conTherefore, if we want the high and low levels of output volt-
sist of conducting “islands” separated by tunnel barriers.age of a gate to be approximately symmetric with respect to
Regarding digital electronics applications, two ways of exer-
cising this control have been suggested. The ficstlled
“single-electron logic”, or SEE) is to process digital bits
in the form of single electrons trapped on conducting islands.
In the second single-electron charging is used only inside a 7a looa
specific three-terminal device, the ‘“single-electron transis-
tor”, or SET>® From the outside the device looks like the
usual transistor, though with its own specific characteristics,
and may be used in digital circuits where binary 0 and 1 are
represented as usual by two different levels of voltide.
Despite their considerably higher power consumpfighe
SET circuits are simpler to implement than SEL circuits, and
are the subject of the present analysis.

Earlier, the characteristics of only the simplest buffer/
inverter stages of SET logic were analyzed in détdihe
results indicate that its characteristics differ considerably
from those of their semiconductor FET counterparts, and,
therefore, the structure of the logic gates cannot be directly
borrowed from CMOS practice. The purpose of this work is

@

to show that, nevertheless, slight modifications allow the 1 A+B

natural implementation of several gates forming a complete 1

logic set. ICL
Our calculations were based on the “orthodox” theory o,

of correlated tunneling,which is valid when the conduc-
tances of all tunnel junctions are small enou@x<e?/#.
Most results were obtained by numerical modeling of the VB (b)
circuits using the simulation progranmoses?®

Figure Xa) shows the complementary buffer/inverter
stage which is structurally identical to that accepted in
CMOS technology. The input signal voltage changes the
background electrostatic potentials of the middle electrodes
of the two SETs and thus the distribution of the bias voltage
2Vpy across them. The fact that SETs may exhibit negative
transconductance allows implementation of complementary
circuits using transistors of a single typéFor performance
of multi-input functions, however, direct reproduction of

. . E
CMOS gates is impossible, because SETs cannot be open (Ic XOR. Vertical flipping of the NOR gate yields a NAND gate with

as wide a range Of gate \_/Oltage as their FET coun.terparts. ASmilar performance. Inset ife) shows the single-electron transistor struc-
a result, the effective resistance of the SET as a sighal souregre used in our geometrical modeling.
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. 1. Basic logic gates of the CSET familig) inverter/buffer;(b) NOR;
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FIG. 2. Output from NOR gate withC,/C=3, kgTC/e*=0.005 and
VgC/e=0.125 on the plane of input signal amplitudes. The solid lines de-
marcate the active region, where the signal cannot be unambiguously inte
preted as either high or low. The areas between solid and dashed lines sp
the noise margins. Crosses correspond to the nominal amplitud
(+0.06%/C).

than sufficient to implement arbitrary logic functions. We
have performed an extensive numerical simulation of the
gates. The summary of our findings is as follows:

(1) Maximum operation temperaturer all the devices
is ~0.01e?/Ckg, whereC is the capacitance of a single
tunnel junction, but only al ~0.00%?/Ckg do the param-
eters approach their low-temperature values. Geometric
modeling using therasTcap packagée?® facilitated by the
CONPAN paneling prograni? has shown that, for a typical
SET geometryFig. 1(a), insef C[aF]~0.05%a[nm].*® Thus,
in order to operate ai~ 20 K the conducting islands formed
inside the SiQ@ matrix (e~4) should have a minimum feature
sizea~2 nm, while being separated byl-nm-wide tunnel
gaps C~0.4 aB. This spatial pitch(A~20a~40 nm per
transistoy may allow integrated circuits of an extremely high
density (n~ 10 transistors per cA. With recent advances
in nanofabrication techniques the implementation of such
ULSI circuits may soon be feasible.

(2) Logic delayr of various gates of our CSET family is
within the rangg2—20C, /G, whereC,>C is the load ca-
pacitance. For a reasonable interconnect lengtl (PA®

SWe find C, /C~2500. From this estimate, the realistic value

G~3 uS (~0.1e?/h), and the above spatial scake~2 nm,
A~40 nm,L~4 um, C,~1 fF) we have0.7-7.0 ns.

the ground reference, the asymptotic resistances of it$his estimate shows that the CSET technology is not spec-
branches on either side of the output terminal should be contacularly fast, and can be seen as continuing the speed per-
parable. A possible structure of a 2-input NOR gate designetbrmance trends of CMOS circuits, though at considerably

along these lines is displayed in Figbl Due to the sym-
metry of the gate and its nominal logic levels, inversion of

the dc bias voltage gives a NAND gate with similar charac-

teristics.
In our calculations, the nominal input logic levels were

higher density.

(3) Reliability of the CSET gates may be characterized
by the ratel” of digital errors induced by their shot and
thermal noise. Our analytical examination and numerical
simulations have shown that, for the inverter presented in

accepted to be equal to the equilibrium values of the inverterFig. 1(a) operating afl ~0.00%% Ckg with the parameters
i.e., the values to which signals transmitted through a seriegbove, the output signal crosses the noise margins at a rate

of inverters would convergeFor the inverter withVg=V,
=e/2(C+Cy) (Vy=0.125 e/C in this cas¢ and the same
basic parametereC,/C=3, kgTC/e?=0.005 as the NOR
gate, they weret-0.065¢/C.

estimated as follows:

r~ exp(—0.031C, /C), (1)

G
10JC.C

Correct operation of the devices requires both that the

outputs lie in the allowed range of the appropriate logic

so that for the parameters discussed above the rate is rather

level, and that noise tolerance is nonzero. The noise toletew: I'~10"%*s 1,

ances were calculated in the usual Wa? from the transfer
characteristics of the inverter/buffer and the NOR/NAND
gates biased aV,. For the above parameters lasTC/e?

(4) The degree obidirectionality may be measured by
the change in input potential due to a change in signal ap-
plied to the output of the same gate. For our CSET gates

=0.005, the tolerances exceed 20% of the nominal signalV,,/dV,,~2C/C <1, so that bidirectionality is negligible.

value. The inverter and both 2-input gates function correctly

when biased with the same voltayfg and can sustain bias
voltage fluctuations greater tharb0%, variations in all cou-
pling capacitances 0f-8%, and variations in all junction
capacitances or tunnel conductances greater t#ivo. Per-

(5) Power consumption Bf the CSET gates shown in
Fig. 1 is of the order of 10 2 e2G/C? per SET. For the
set of parameters discussed aboRe; 10" ° W per transis-
tor, so that, in order to implement the transistor density
~10'" cm™2 with all transistors activated continuously, the

formance of the circuits can be even further improved byheat removal capability required 4100 W/cnf. This figure

placing buffer stages between gates. Figure 2 shows the r

& some 30 times larger than the natural heat removal rate at

gions of low and high output on the plane of the input signalthis temperaturé’ so some artificial circulation of the cryo-

amplitudes for the NOR gate. One can see that the thresho
lines are not too far from the perfequare shape.
Another simple gate is the XORFig. 1(c)]. Its output

kbolant may be necessary. A considerable reductioR isf
possible using SEL devicé$.
(6) Background charge variationsnay be the largest

voltage swing is somewhat lower, but it may be made toproblem on the road to practical ULSI CSET circuits. In fact,

function correctly within a wide range &fg by the addition
of buffer stagegFig. 1(a)].

the critical margin in most single-electron devices, including
those shown in Fig. 1, is that for the background charge. For

The set of CSET logic gates presented in Fig. 1 is moreur devices the margin i2Q,~0.03%, for background

Appl. Phys. Lett., Vol. 68, No. 14, 1 April 1996

Chen, Korotkov, and Likharev 1955



charge configurations with the same magnitudgy(i)| 3K. K. Likharev, IBM J. Res. Dev32, 144 (1988.

=Q on all transistor islands This is much smaller than the “D. V. Averin and K. K. Likharev Single Charge Tunneling®lenum, New
rms of random variations o, in typical present day ex- Yok 1992, p.311.

periments with relatively large devicéa~100 nn). How- D. V. Averin and K. K. Likharev, J. Low Temp. Phy62, 345(1986.

| . ith I llic i Iéﬁ‘cfé) K. K. Likharev, IEEE Trans. Magr23, 1142(198%.
ever, severa experlments with smaller metallic Is J.R. Tucker, J. Appl. Phyg.2, 4339(1992.

can be explained only assuming tha(),),ms<€. Theoreti- 8y T. Lutwyche and Y. Wada, J. Appl. Phy25, 3654(1994).
cally, this fact can be understood as the result of image®A. N. Korotkov, R. H. Chen, and K. K. Likharev, J. Appl. Phy&8, 2520
charge forces attracting the charge impurities to the surface(1995.
of the Conducting islands, where they induce no backgrounap'v'o”te Carlo Single-Electronics Simulat¢t999, available from Ruby
charge! There is a clear need for more experimental studieg, °"¢"chen@felix.physics.sunysb.edu .

. . L. P. Hunter,Handbook of Semiconductor Electroni&d ed.(McGraw-
pf the§e effepts for'very sm'all conducting particles embedded ;e vork, 1970, p. 15-9.
in various dielectric materials. To a large extent results ofizp_j. comerpigital Logic and State Machine Desighiolt, Rinehart, and
these studies may decide the future of CSET digital technol- winston, New York, 1984 p. 26.
ogy. 13K. Nabors, S. Kim, and J. White, IEEE Trans. Microwave Theory Tech.

Useful discussions with D. Averin and P. Solomon are 40 1496(1892.
gratefully acknowledged. The authors would also like to conductor Paneling Program, by K. A. Matsuoka,
. . (kenji@hana.physics.sunysb.¢dli994.
thank J. White and K. Nabors for prowdmg the Programisgq, smailer values of, necessary for higher operation temperatures, con-
FASTCAP, and K. Matsuoka for the programoNPAN. The sideration of electron energy quantization becomes essential. Analysis of
work was supported in part by AFOSR and ONR/ARPA. these effects is beyond the scope of this work.
W, R. Heller, C. G. Hsi, and W. F. Mikhaill, IEEE Trans. Des. Test.

D. V. Averin and K. K. Likharev, inMesoscopic Phenomena in Solids, 7Comp.1, 43 (1984. _
edited by B. Altshuler, P. Lee, and R. Wetiisevier, Amsterdam, 1991 D. N. Lyon, Adv. Cryogenic Heat Tran$4, 82 (1968.

p. 173. 183, Lambe and R. C. Jacklevic, Phys. Rev. L2f,. 1371(1969.
2Single Charge Tunnelingdited by H. Grabert and M. Devoré®lenum,  *°L. S. Kuzmin and K. K. Likharev, JETP Let5, 495(1987.
New York, 1992. 203, T. Ruggiero and J. B. Barner, Z. Phys8B 333(1991).

1956 Appl. Phys. Lett., Vol. 68, No. 14, 1 April 1996 Chen, Korotkov, and Likharev





