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Ternary single electron tunneling phase logic element
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An analysis of a ternary single electron tunneling phase logic element is presented. The analysis is
based on Monte Carlo simulations and an analytical treatment of a resistively loaded tunneling
junction at low temperatures. We show that tristable operation can be obtained over a 19% dc bias
operating range by optimizing the pump frequency and amplitude. For large ac frequencies, our
optimizations also show that simple linear relationships exist between the optimal paraftheters
optimal dc bias and pump amplitudand frequency. Finally, we show that the ternary phase state

of a clocked element can be controlled by an input signal provided that the clock turn-on is not too
abrupt. The results should be of use in the design of ternary and other multilevel tunneling phase
logic families. © 1999 American Institute of Physids$S0003-695(99)03826-1

Digital logic circuitry based on phase locking of single the operating rangéatio between the step size to the mid-
electron tunneling processes in ultrasmall tunneling junctiongoint of the stepis maximum.
has recently been propostdPrevious work on this ap- The potential across the tunneling junction as a function
proach, which is referred to as single electron tunnelingime under optimum biasing conditions is shown as an inset
phase logic(TPL), has focused on the basic operation ofin Fig. 1, where the top curve shows the pump and the bot-
bistable element’,including stability at high operating tom curve shows the existence of three stable, equally sepa-
temperatured.Previous work shows that binary TPL offers rated phase states available for ternary logic. The phase
an attractive approach to realizing ultrasmall devices withstates lock within ten pump periods (4f), and depending
ultra-low-power dissipation, thereby making possible the de©n the initial conditions, they may lock into one of three
velopment of circuits with integration levels orders of mag-Phase states. The sharp transitions in the wave forms corre-
nitude beyond those of conventional technologidhe ef- spond to acquiring enough potential across the tunneling bar-
fective use of such circuits will depend on the ability to deal"er for an electron tunneling event to occur. The smaller
with various issues, including the severe interconnect bottle@Scillations in these wave forms correspond to the effect of
neck problem at high integration levels. Thus, the reductiori® PUMP on the output potential. _ _
in the number of gates needed for logic operations offered b¥ive|n this section we make use of equations previously de-

ternary and higher-order multilevel logic would be highly d_dt_for(a si;glfe ;oszp?hson junc)tjigw Coupled tLO ?xtErnal
desirable for TPL circuitry. In this letter, we focus on this radiation{see et. 5> and the appentifo examine the fock-
possibility. ing range. The equations of the Josephson system are iden-

We have simulated a resistively loaded tunneling junc-
tion with a Monte Carlo approach similar to that described 1
by Likharevet al* and obtained current—voltage curves, as
shown in Fig. 1, demonstrating phase locking, i.e., the cor
relation of tunneling events to the pump. By fixing the RC
time constant of the circuit, the dc bias determines the rate c_
tunneling events across the junction. With an externally ap_ 0.6f
plied ac signal, the tunneling events are either sped up ¢
slowed down, thus giving rise to a series of steps in thet
current—voltage curves. 3

For each curve in Fig. 1, the dc bias is swept and the
current is plotted. The simulation is done at zero temperatur 0.2+
with a finite but large G1> 1/R) tunneling conductance. The
normalized current is defined as the number of tunneling
transitions per ac period,, thus the one-third subharmonic 0
corresponds to a current of 1/3. For each curve, the ac an DCBIAS a
plitude has been selected for the largest one-third subhar-
monic step size at a given ac frequency. The middle curveig. 1. 1-V curves under different pump conditiofsc amplitudeb*, ac

corresponds to operation at the optimum frequency, wheré&equency(,): left (1.83, 0.73, middle (2.70, 2.70, and right(6.50, 10.0.
Inset: Ternary phase states of the 1/3 subharmonic for operating conditions:
dc biasa*=1.0196,b*T=2.7, andQ[=2.7. Time is normalized to the
¥Electronic mail: kiehl@ee.stanford.edu pump periodr, .
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FIG. 2. Top:a,, and a,, as a function ofb, for ,=3, 13.5, and 40. . ) o .
Bottom: a ¢ for each region of stability. Note at higher ac frequencies, the FLG- 3. Top Ieft.adiﬁ*vs %r and linear approximation. Top righér,q and
shape of the locking region becomes more symmetrically distributed abou®™ VS {1; . Bottom: ag/agq vs € .

its midpoint.

a driving input signal. We use a sawtooth wave form with

tical to those for the simple deterministic model of smglemasedbinput of the same amplitude and period as the

electron tunneling in a resistively loaded junctioRegions tunneling oscillations to mimic a possible output from a pre-

Of. stability (Iocking) for th_e te_rnary state de_termined from vious stage. The flow of logic is controlled by clocking the
this analysis are plotted in Fig. 2, along with those deter-

. : , ) gate with a rising dc bias of rise timg, centered at phase
mined from Monte Carlo simulations. For a given externally and the output phas, is read after it is settled into
applied frequency there is a corresponding region of stability, 2o’ out

in the dc bi lit b ; stable logic statécontrol sequence at the top of Fig. A
N the dc bias versus ac ampl _ud_aevs ) parameter space. phase map folf, =0 (square clock signal and coupling ratio
The vertical cross section delimited bw{,a,,,) of each

Ciunction: Ccoupling= 1:1, chosen so as to make simply con-

region correspor_1ds to the horiz_ontal _step_ size on the ON&iected output phase regions, is shown at the bottom of Fig.
third subharmonic as seen previously in Fig. 1. We seek thﬁ. From the phase map of tHe=0 case, it can be seen that

""?fgeSt dc bias range(ertmal cross_-secﬂonal widthfor a the state of the gate is a strong function of both the input and
given frequency. To this end, the widdlyix (=ay,— ajow) Of clock signals

the.vertical cross section is pI_otted below it§ cqrresponding While the clock phase dependence seen in Fig. 4 sug-
region of stablllty(bottom.of Fig. 2, from which it can be ests that some type of field-programmable gate array ap-
seen that fora given applied ac frequency, thgre qorresponﬁoach may be possible with this device, an insensitivity to
an optimal ac amplitude, dc step size, and midpoint denote e clock phase is desirable for the simplest logic schemes.

* * * H
by b*, agys, andan, respgctlvely. ) ) Thus, we examined phase maps for various clock rise times
Next, we seek the optimal operating range which we

define as the ratio of the optimal step size to the midpoint of

the optimal stepajs/a}i. A dc bias operating range as l
high as 19% is obtained for an ac frequerigy=2.7=Q, Pump
and amplitudeb* =2.7=b* " (bottom of Fig. 3. We make Clock | M

use of this ac frequencyﬂ(:) and corresponding optimal
parameterd* T anda® [, in the following section. The fast Inpt VVM/L{]/VVIM/7
falloff left of the optimum operating frequendy; is due to Read et [
the shrinking step size as the ac frequency approaches 0, and
the slow falloff to the right corresponds to the linearly in-
creasing dc bias poira},4 linear in Q, with slopem=1/5)
at high ac frequencies while the step size becomes saturated
at 1/3 of the threshold voltaggop of Fig. 3. In the neigh-
borhood ofQ], however, there is an even tradeoff between
the shrinking step size and increasing dc bias point. We note
that the optimal ac amplitudeis also linear in(), with slope
m=>5/8, suggesting that simple relationships exist between
the optimal parameters and applied frequency which serve as
useful initial estimates to the locking regions.

In the previous section, we examined the operating range

for tristable states. In this section, we examine the opera\tloﬁ)r T.20, an enlargementof a single section to the right. with regions

of a simple logic gate analogous to the inverter gate iNgpiered about particular states labeled with arbitrary logic sympa,

bistable logic: a single TPL element capacitively coupled tocorresponding to the three stable ternary phase states.
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output regimes in a phase-state map, thereby demonstrating
that all phase states are reachable in this simpler gate. This
suggests that they may also be reachable for more highly
functional gates under suitable clock conditions, namely, a
slow rise time in the clock transition. We hope to extend this
work by adding more functionality in the types of basic logic
gates available in the ternary tunneling logic family. While
further study is needed to investigate interactions and signal
transfer between coupled ternary gates in a circuit, the results
presented here indicate that ternary tunneling phase logic is a
promising approach.

clock
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FIG. 5. Phase map foF,=0.5, 1.0, 1.5, and 2.0.
APPENDIX: EQUATION FOR AC DRIVEN JOSEPHSON

i L . .. JUNCTION
T,, defined as the time in which the clock reaches half of its

final value. The results in Fig. 5 show that for sufficiently From Ref. 2, the differential equation for the time evo-
long rise times, the clock loses its influence on the outputution of the potentiakp across the tunneling junction can be
state, which becomes solely dependent on the input phasevaitten as
necessary condition for reachability of all three phase states I
from the output of a previous stage. In separate simulations, a+bcogQ,7)=¢—2v+7—,
we have also investigated the effect of the ratio between o7
coupling-to-tunneling capacitance and found that a couplindor 2v—1<¢<2v+1, wherea and b cos{},7+a) are the
ratio of 1 works well. We have also found that the outputdc bias and ac signat,is the normalized time, an@, is the
state is not dependent on the turn-off time of the input signalnormalized frequency. For eadh, andb, there is a corre-
All these results indicate that this ternary gate, which issponding range im, betweena,, anday,, for which lock-
analogous to a binary inverter, functions reasonably well foing occurs. The method in obtaining these solutions consists
sufficiently long clock rise times. A logic table simplification of finding the roots for the following equatioh:
of the phase-state map shows_ that our inverter-equivalent bo(T)=2v,+ ¢noe*(‘r*7n)/ﬂ'+a[1_ef(-rfrn)/'rr]
gate performs a rotation operatiolf £ XS1).
In conclusion, we have extended the study of tunneling +i[sinQ 7+ x)—e” T sin(Q, 7+ )1,

phase logic by examining the case of a tristable TPL ele- (A1)
ment. Our Monte Carlo simulations show that tristable op-,

or 2v,—1<¢p,<2v,+1, TaSTS Tyl X=«a

eration produces the one-third subharmonic step in th ) o 2112
current—voltage characteristic of a single tunneling junctionJr arctangr(l) = and j=b/[1+(7€,)°]"" The valuesr,

with an applied ac signal. Our simulations also show stablgorrespond to successive times when the valye, reaches

locking into three equally separated phase states. We ha [ odd integer. Taking the initial valugy=—1 at7=0, the

extended the analytical results for the stable operating recondition for locking to the 1/3 subharmonic is satisfied

gime to include optimization of an operating range for ter-eN ¢o(377) =1, wherer,=2/(), (the normalized pump

nary logic, which puts constraints on the ac amplitude amgerloa), and when the condiior-1< ¢o(7)<1 is met for

o : ; <7<37,.
frequency, yielding a maximum operating range of 19%. In T<37;
addition, we have found linear relationships between optimal'Rr. A. Kiehl and T. Ohshima, Appl. Phys. Le&7, 2494 (1995.
parameters and the ac frequency, thereby suggesting a sinﬁT- OESEima and F- Ah- Kiehl, J. Appl. (Phy&é), 912(1996.
o ; ; ; :_ °T. Ohshima, Appl. Phys. Let69, 4059(1996.
pler Optl.mlzatlf)'n SCh.eme mlght be pOSSIb|e for other .multl 4K. K. Likharev, N. S. Bakhvalov, G. S. Kazacha, and S. I. Serdyukova,
level logic families. Finally, we have shown that operation of |Egg Trans. Magn25, 1436(1989.

an inverter-equivalent gate displays large, simply shapecbJ. Kadlec and K. H. Gundlach, J. Low Temp. Phg3, 887 (1977).
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