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I. INTRODUCTION There have also been a considerable number of experi-
ments(including room-temperature experiments single-

It is common wisdom now that because of the size reelectron memory using different ideésee, e.g., Refs. 9—24
duction of the components of integrated digital devices, thaVhile most of them would have principal difficulties at the
effects of charge discreteness will eventually become imporrealistic level of integration, the experimental success sup-
tant. And there is a strong belief that the correlated tunnelingorts an optimistic prospect of technologically practical
of single electron’s’ in such ultradense devices can provide single-electron memory.
the physical basis for their operation principlsee, e.g., In this article we discuss various single-electron effects
Refs. 3 and % in the memory devices. We consider the dynamic random

There are two main areas of focus for prospective digitarccess memorfDRAM)-like and nonvolatile single-electron
single electronics: logic and memory devices. Theoreticamemories based on the charge storage at the floating gate.
analysis shows® that the single-electron memory is much (The static random access memory-like single-electron
easier to implement than the logic. The basic reason is that@emory suffers from the same difficulties as the single-
logic device is necessarily a complex system consisting oélectron logic. In particular, we discuss the interplay be-
many gates interacting in a specific way, while memory cellgween Coulomb blockade and Fowler—Nordheim tunneling,
are independent, each of them being a simple circuit. Arpropose the idea of background charge compensation, and
operation of the logic requires some kind of voltage ampli-propose a defect-tolerant architecture for single-electron
fication (which can be also done parametriciilyfo pass memory based on nanofuses and nanoshorts.
information from gate to gate. In contrast, in the memory the
storage of information can be done in a passive way, and for
the readout only some sensing of the storage contents is SL“—
ficient (the amplification can be done at the next stage, com-"

mon for many memory cells Let us assume that the digital information is stored in the
As an example, the single-electron transi€8ET) can  form of an electric charge. Then there are at least three as-
amplify voltage only at temperatufe$<0.052% Cy where  pects for which single electrons can be important. First, the
CE is the total Capacitance of the SET central island while Ind|g|ta| bit can be represented by few or even on|y one elec-
a sensing mode it can be used at temperatures up ftgon. Second, the Coulomb blockade can be used as a mecha-
~0.2%?%/Cy (the modulation amplitude of the SET is still nism providing bistability of the memory cell. Third, the
more than 10% at this temperatur@he possibility to use readout can be done using a single-electron principle, for
significantly higher temperatures is very important for singleexample, the stored charge can be sensed by the SET. Let us
electronics. In addition, the problem of random backgrounc:onsider these aspects in more detail.
charge can be solved for memofwhile for the logic no The bit representation by a single electron provides the
reasonable solutions have been proposed sdlffat is also  lowest energy dissipation for write/erase operations and can
very important for integrated circuits. The basic idea of thein principle be performed even when the “floating gate” has
background-charge-insensitive operation proposed in Ref. the size as small as one atom. Also, single electron storage is
is to use oscillating output of the SET as a response to thehe physical limit of electronics, and in this respect it is tech-
ramp-up input signal so that the phase of oscillatiomsich  nologically and psychologically important. Notice, however,
can be unpredictably shifted by the background chaige that in this case the bit information can be instantaneously
not important. The input signal is generated during destrucdestroyed by only one leakage event. As a consequence, the
tive readout of logical “1,” which erases the few-electron probability of error is suppressed only linearly with the de-
charge stored at the floating gate close to the SET, whilerease of time before the readdin contrast to almost ex-
there is no signal if there was no stored chaiggical “0” ). ponential suppression for continuous leakagEhis also
The low-temperature prototype of the background-chargeleads to impossibility of the information refreshing using
insensitive single-electron memory has been demonstratesimple read-write-back procedure, since there is no bit “ag-
experimentally’ ing.”

SINGLE ELECTRONS AND REDUNDANCY
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The straightforward way to improve reliability is to use I e G s o rar mrwrarraraarar
redundancy; for example, to store the bit simultaneously in
three memory cells and use the majority principle at readout.
However, obviously it is simpler to use redundancy inside
the memory cell, which is to represent bit by three stored 2
electrons, so that the leakage of one electron is allowed. Thié_TE 104+
decreases the leakage error probability dowRtpwhereP —§ T

is the error probability for the one-electron cell, and makes & 10-6- viv

possible the information refreshingince P? scales as a — -
square of retention timeFurther increase of the number of 108 V=10V L
stored electrons leads to further reduction of the error prob- _ Tw=107(Vy,)

ability. One can expect that the optimal number of stored ;4-10 A P e e
electrons is somewhere between 5 and 30. Notice, howevel 0 1 2 3 4 5 6 7
that this number should be controlled with single-electron Vs [V]

accuracy: the usual Poisson distributior: \/n is unaccept- FIG. 1. Inset: the characteristic time=C.V/I of the continuous charging
ably wide whenmn= 30. of a floating gate through 4 nm/5 nm/4 nm trilayer barrier

A different method to improve the reliability of a n* Si/SEN, /AIN/Si/SizN, /n* Si. Main figure: the probability distribution
P of the floating gate potentiadl, after the charging, for several values of the

memory cell with one electron per blt_IS to readout simulta-qjaqe e/c, corresponding to a single electron at the floating get€
neously a block of cells and use the idea of “check sums."=0.03 v (dots, 0.1 V (square} 0.3 V (diamonds, 1 V (crosse and 3 V
For example, using 14 extra cells as check sums for col- (triangles. Symbols correspond to the floating gate background chagge
umns and rows of &lXN block of cells, one can easily =~ ¢2

restore the loss of one bit and, hence, reduce the error prob- A natural for single-electron memory idea is to use the

ability down to~P?. Additional check sums can restore the coomb blockade for such a threshold. For example, it can
loss of more than one bit, that suppresses further the errgyg provided by an array of small-capacitance tunnel junc-
probability. (Actually, the use of columns, rows, or diagonals tjons similar to that used in single-electron tragse, e.g.,
of a block for check sums is obviously not the best way ofget 10, and references thergitunfortunately, the random
introducing redundancy. Using standard coding algoriffims background charges lead to unacceptably wide distribution
one can restore up to 11% of errors by doubling the numbegs e Coulomb blockade thresholds and Coulomb blockade
of memory cells. So, for the single-electron representation p4rier height.
of a bit, the reliable information storage can also be  apgther way is to use the threshold-like dependence of
achieved, however, the few-electron representation of a bif,e conventional Fowler—Nordheim tunneling. The problem
(inside one memory celimakes it significantly simpler and 5 that in this case there is no sharp threshold, and as a
seems more natural for random access memory. consequence the ratio of the retention and write/erase times
is not sufficiently large. The situation can be significantly
improved by the use of the tunnel barriers of crested
Il SINGLE-ELECTRON FOWLER-NORDHEIM shapé'28 so that not only the width but also the height of the
CHARGING barrier decreases with the applied voltage. The crested bar-
rier can be fabricated usingdoping, composition grading,
The charge storage requires very low leakage rate foor layered structure.
both logical states while write/erase time should be suffi-  We have studied the single-electron charging of the
ciently fast. In the present-day DRAMSs this is achieved byfloating gate by Fowler—Nordheim tunneling using the fol-
the use of field-effect transist¢FET) as a switch. Unfortu- lowing simple “orthodox” model* The tunneling ratel’
nately, the SET cannot replace FET for this purpose becausel (Vqg)/e is determined by the effective voltage
of a significant cotunneling rateso other principles are nec- e go—ne
essary. A promising principle is the control of the tunnel V4=V, —-——— 0 ,
barrier by the gate electrodFor single-electron memory a 2Cs Cs
similar principle has been used in the experiments or RefswvhereV,, is the contribution due to externally applied write/
11 and 16which have been discussed using the terminologyerase voltage) is the number of extra electrons on the float-
of multiple-tunnel-junction SEJl ing gate which changes during chargimgy is the back-
Besides the gated operation of charge write/erase procegound charge, andCg is the storage floating gate
dure, one can consider nongated operation similar to thatapacitance. For the “seed™V curve I(V) we used the
used in the conventional nonvolatile memorié3he ideais model of Ref. 29 applied to the 4 nm/5 nm/4 nm trilayer
to use a threshold-like behavior of the charging rate as arested barrier with parameters corresponding to
function of the voltage between the storage floating gate and™ Si/Si;N,/AIN/Si/SizN,/n™ Si. The inset in Fig. 1 shows
the word (or bit) line. Then the long retention time is the classical recharging tim&efined asr=C.V/l) as a
achieved if the voltage due to charging of floating gate cafunction of the voltage/ across the barrier.
pacitance as well as the half-select write/erase voltage are Since the tunneling is a stochastic process, the number
below the threshold, while fast write/erase operation occursf stored electrons after the application of voltaggduring
when the external full-select voltage exceeds the thresholdtime 7,, is random. So, after the external voltage is re-
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moved, the potential/;=(qy—ne)/C of the floating gate

can be characterized by a probability distribution. Figure 1 word line

shows numerically calculated distribution ofg for \/W graded tunnel barrier
=10V, 7,=10x7(V,,), and several values of the single-

electron voltagee/C: 0.03 V (dots, 0.1 V (square} 0.3 V [ ] f{(‘,’;zﬁeg _— [

(diamonds, 1 V (crosses and 3 V(triangles. The symbols
correspond to the background chargg= —e/2 while the ET

. -F o ) > island
lines show the probability densities after the averaging over
randomq, (normalized in a way that the lines go through the {bit o i ‘ ‘
symbols.
One can see that the probability distribution is relatively -
narrow whene/C, is small, and in this case there is essen- ( } foatng rate” [

tially no difference between the random and well-defiggd
The distribution width grows withe/Cg, and in the case
e/Cs~ Vg the fluctuations are unacceptably strong for the extra line for compensation procedure
reliable information storage. The curve width continues to
grow whene/Cg becomes larger than typicel of the clas-  FiG. 2. single-electron memory cell with the SET readout using the back-
sical charging. However, i, is well-defined, the probability ground charge compensation. The information is stored as a charge of the
distribution collapses into single well-predictable value ofuPper floating gate and is read out by the SET consisting of two tunnel

Ve M th ltagd/- in thi b id junctions between the SET island and two bit lines. The SET background
s- Vioreover, the voltage/s In this case can be consider- charge is compensated by the charge of lower floating gate. Graded tunnel

ably larger than for smalke/Cg, that can be useful for the parriers improve the Fowler—Nordheim charging of the floating gates from
readout. It is important that the effective voltage which de-two word lines.

termines the retention time ¥s—e/2C; (less thanVy); so
for go=—el2, largee/C,, and one stored electrqithe up-
per triangle in Fig. 1 this voltage is exactly zero that can
significantly improve the charge retention. The probability of
a “dynamic” error due to finite write/erase time, in the
symmetric one-electron casely= —e/2) decreases expo-
nentially ~with 7, Pe.=exp(-Ir) where TI'1!

graded tunnel barrier

retical analysi®' that FET can be used for sensing the charge
at the size scale down to 10 nm. Another opti@vhich
seems to be preferable only at the size scale below 1)dsim
the use of SET. Besides the problem of low operation tem-
perature which will become less severe when the few-

= 7(Vw)€/CsV,, is determined by the full write voltagé,,.  hanometer technology is available, another principal problem
This is obviously an advantatfin comparison with the case for integrated SET devices is the background charge

of small &/Cs, in which the voltage gradually decreases in g, ations# One proposed solutidnis the background-
the process of charging, gradually decreasing the charging,arge-insensitive operation. Here we propose a different so-

rate. lution.
This analysis shows that there are two preferable modes T1ne idea is to tunécompensateindividually the back-

of operation. Either the bit §hould be represented by_ma%round chargeQ, of each SET. From the first sight this
(=10) electrongthen there is no need to contrgh) or it geems impossible in an integrated circuit. However, the
should be just one electraandq is well-controlled, while  gimpie uniform architecture of the memory allows a local
in the few-electron regime the fluctuations qf the Storedself-compensation procedure. Instead of tuning the back-
charge are very.strong. As one can see from Fig. 1, the typ'gjround charge by the voltage applied to an extra (hiat is

cal voltagee/Cq |n.the one-electron regime shquld be abOUttypically used in present-day single-electron experiments
few volts that obviously suggests the use of single atoms age propose to use extra floating gate. Figure 2 shows the
“flqatlng gates” (the randqmness of location can pe av0|dedmemory cell consisting of storage floating gdtecan be
using self-assemblyFor single atoms the fluctuations @f replaced by single atoms as discussed earlBET to sense
are naturally small since the chemical environment is welk;g charge, and),-compensating floating gat€FG). If the
defined. (Actually, foor single atoms the “orthodox” theory - gimensionless coupling between the CFG and the central is-
should be mod|f|ea,_ and instead ofj, fluctuations we need 1504 of the SET is about 0.1, then placing the proper number
to consider the variation of the electron affinitysing the ¢ ajectrons on the CEG we can contf@j with the accuracy

language more natural for atoms, the best agse —€/2 ot 16 that is sufficient for predictable readout from the
corresponds to the impurity energy exactly at the Fermiggt

level, so that both occupied and empty states are equally The CEGis charged by the Fowler—Nordheim tunneling
stable. Notice that the use of single atoms can be easily cOMz5m the extra word line(see Fig. 2 and the amount of
bined with the |dea} Qf few-electron bit representation if feWcharge is determined by the voltage applied between this line
atoms(located sufficiently far from each otheper memory o bit lines connected to SET. The compensation procedure
cell are used. can be done in the following way. The storage floating gate is
prepared in logical state 0, the SET is biased, and the
ramp-up voltage is applied to one of the word lilesboth.

Now let us discuss the readout of the stored chargeThe SET output performs oscillations, the phase of which
There is an experimental evidefitsupported by the theo- carries information abou®,. After amplification by a sense

IV. SET BACKGROUND CHARGE COMPENSATION
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amplifier connected to the bit line, this signal is used to de-

termine the proper magnitude of the voltage pulse to be ap- @ memory cell
plied between compensating word line and bit lifes it-

erative sequence of trials and tests can be ugefihe (@) inuse
compensating pulse should be applied to the bit lines to al-

low simultaneous compensation procedure for all cells con- kd bad cell
nected to the same word line. Since the compensation proce- IY:;S 52 nanofuse
dure requires the charge erasure from the storage gate, it can & nanoshort

naturally be combined with the information refreshing.
Besides the presence of the CFG and extra word line, the I Il I
layout and the basic parameters of tlg-compensated I bit lines I lines
Smgle_e.leCtron. .memory are similar to that .Of ba'Ckgmund_FlG. 3. The basic idea of local defect-tolerant architecture for single-
charge-insensitive memory of Ref. 7. In particular, the r00Myectron memory using nanofuses and nanoshorts. The short pieces of bit
temperature operation can also be achievee4thm mini- lines are rerouted by one-time switching of nanofuse-nanoshort pairs to
mum feature size (20 nm40 nm total area per cellThe avoid defective cells, so that the lines look nondefective from outside.
important advantage in comparison with the background-
charge-insensitive memory is the possibility of nondestruc-
tive readout. This also implies the reduction of the stored
charge and/or coupling between the SET and storage gaifarajiel for many cells For significant fraction of defects,
because this charge reduced to the SET input should ng,y ong pit line would contain defects. So only rejection of
longer correspond to several Coulomb oscillations but onlyg|atively small pieces of the line is possible and the archi-
to a fraction of the period instead. tecture should necessarily be local. A significant fraction of
If the SET ngerates in the high-temperature “analog” yefects also makes it impossible to store the information
regime (T~0.2e%/Cy) then the destructive readout remains g6t the defective cells and then switch the addresses logi-
the only reasonable option. The SET should be tuned to thgy)y since it could require storage space comparable to the

most sensitive operation point of the control characteristiG,i5| available memory. The problem can be solved by physi-
and the output SET current before and after the attempted bity| orouting of bit lines to replace relatively short defective
erasure should be compared. It is important that other SETsjqces by good ones from local reserves. This is done once
connected to the same bit line are also biased and contribu ring the testing procedure while from the outsigéobal

to the current noise. The maximum numiérof SETS per  |gyg| of hierarchy all the lines look nondefective.

sense amplifier is determined by the bandwidth and accept-  rigyre 3 illustrates the idea of rerouting. The cells are

able signal-to-noise ratio, anq in thi.s. case is compgrable t8rganized in blocks of a relatively small sike<(€+¢,),
that of background-charge-insensitive memory, L8, \wherekx ¢ cells are normally used whilkex ¢, cells are “in
~10%. In the low-temperature regimeT £0.0%/Cyx) the  (agerve.” I during the testing a cell is found to be defective,
current and noise from half-selected SEBsased but not e corresponding line df cells should be replaced by the
selected by proper gate voltagean be strongly suppressed |ine from reserve. For this purpose we need two types of
by the Coulomb blockade, so the SET can essentially operatgyitches: nanofusegvhich can be blown to disconnect the
as a switch. This provides much better S|gnal-to—n0|se_ ra_u%e) and nanoshortéwhich can connect linesNotice that
and a[lows for a nond.estrucnve readout as well as a S'gn'f'éach switch is used at most once, so it can be a quite simple
cant increase ofM in Qo-compensated single-electron ynq therefore reliable nanoscale device. The importance of
memory. nanoswitches for any type of nanoelectronics has been pre-
viously emphasized in Ref. 32 and the experimental progress
has been already report&tf

The blown nanofuse disconnects the defective lind of

The architecture of the single-electron memory shouldcells; instead, the switched nanoshort connects another line
obviously differ from that of conventional memory. First, if of k cells to the same global bit line so that from outside the
the SET is used for readout, then the relatively high outputiddressing does not change. Since the global bit line should
impedance of the SET requires quite short local bit lines inpass through much more th&ncells, we either need to re-
order to reduce their charging time. Second, with the strongurn to the main bit line after the detour, switching another
decrease of the feature size and possible use of the moleculaanofuse/nanoshort pair, or use the idea of Idcdbng
electronics technology, one can expect the reduction of thbranches connected to the global bit line “in parallel.”
yield per memory celf? so the architecture should be able to The optimal values ok, ¢, and{, obviously depend on
tolerate significant fraction of defects. We propose here d@he expected fractiop of defective memory cells. Notice
defect-tolerant memory architecture based on nanofuses attidat the idea works even [f is comparable to unityIn this
nanoshortgwhich can be useful for any ultradense memory case one can usk=1, ¢=1, and sufficiently largef,~

The main idea is the local physical rerouting of the bit —101Inp.) If in a bad luck case’, lines prepared for the
(or word) lines in order to avoid defective cells. In contrast to replacement are not sufficient for defect-free operation, the
the logic, the uniform memory organization allows us to testrerouting of a longer piece of the bit line can be used at the
each memory cellof course, such testing can be done innext level of hierarchy.

V. DEFECT-TOLERANT ARCHITECTURE
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