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Abstract

This chapter reviews prospects for the development and practical introduction of ultrasmall electron devices,
including nanoscale eld-e®ect transistors (FETs) and single-electron transistors (SETs), aswell as new concepts
for nanometer-scalable memory cells. Physics allows silicon FETs to be scaled down to » 3 nm gate length, but
below » 10 nm the devicesare extremely sensitive to minute (sub-nanometer) fabrication spreads.This sensitivity
may sendthe fabrication facilities costs (high even now) skyrocketing, and lead to the end of the Moore Law some
time during the next decade.Lithographically de ned SETs can hardly be a panacea,sincethe critical dimension
of such transistor (its single-electron island size) for the room temperature operation should be below » 1 nm.
Apparently, the only breakthrough that would allow to make 1-nm-scale electron devices practical, would be the
introduction of \CMOL" hybrid integrated circuits that would feature, in addition to an advanced CMOS sub-
system, a layer of ultradense molecular electron devices. These deviceswould be fabricated by chemically-assisted
self-assenbly from solution on few-nm-pitch nanowire arrays connecting them to the CMOS stack. Due to the
“nite yield of molecular devicesand their sensitivity to random charged impurities, this approach will require a
substantial revision of integrated circuit architectures, ranging from defect-tolerant versions of memory matrices
and number crunching processorsto more radical solutions like hardware-implemented neuromorphic networks
capable of advanced image recognition and more intelligent information processingtasks.
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1. Intro duction riod, deviceswith 10-nm minimum features (tran-
sistor gate length L) should becomecommercially

The phenomenalsuccesof semiconductorelec-  available.

tronics during the past three decadeswas based
on scaling down of silicon “eld-e®ect transistors
(MOSFETSs) and the resulting increaseof density
of logic and memory chips. The most authorita-
tive industrial forecast,the International Tecnol-
ogy Roadmapfor Semiconductors[1] predicts that
this exponertial (\Mo ore-Law") progressof silicon
MOSFETSs and integrated circuits will continue at
least for the next 15 years.By the end of this pe-

The prospects to cortinue the Moore Law be-
yond the 10 nm frontier are more uncertain, and it
is very important to understand them. This chap-
ter is an attempt at areview of the recen researt
results related to the scaling prospects of silicon
MOSFETs and possiblealternativesto this tech-
nology. | will begin the review with a discussion
(Sec. 2) of advanced eld e®ecttransistors, with
a focus on their most prospective variety: double-



gate SOl MOSFETS. In Sec.3, singleelectrontran-

sistorsand other Coulomb-blockade-baseddevices
will bediscussed(A brief review of single-and few-
electronmemory cellsand someother newmemory
ideasis alsoincludedin that section.) This will nat-

urally lead usto a discussionof molecular devices
and prospectsof their self-asserhly and hybridiza-

tion with CMOS technology (Sec. 4). Finally, in

Conclusion(Sec.5) | will try to summarizethe ba-
sic problems facing future integrated circuits be-
yond the 10 nm frontier, and possibleways of their

solution.

2. Adv anced Field E®ect Transistors
2.1. Bulk and SOl MOSFETs

Bulk silicon MOSFETs (for their detailed de-
scription, see,e.g., Refs. 2-5) are extremely versa-
tile electron devicescombining a (relativ ely) easy
fabrication with very high performancein a broad
variety of logic and memory circuits. Moreover, the
devicesare scalableto deep-submicronrange. This
powerful combination has allowed the bulk MOS-
FET devicesto sene asthe work horseof the lead-
ing electronictechnology, CMOS, for morethan 30
years. Howewer, as the bulk MOSFETSs enter the
sub-100-nmrange, their further scaling runs into
seweral problems, including short-channel e®ects
and gate oxide leakage{ seeRef. 6 for an extensive
review of these issues.Despite the recert experi-
mental demonstrations of seweral bulk transistors
with gate length below 20 nm [7-14], performance
of theseprototypesis far from perfect.

There is a growing consensugsee,e.g., Chapter
1 of this collection) that reaciing high perfor-
mance (good saturation at high ON current and
high ON/OFF ratio) belowv 20 nm will require
the use of advanced FETs, primarily double-gate
MOSFETSs with thin, undopedsilicon-on-insulator
(SOI) channel connectinghighly doped sourceand
drain. The main reasonsin favor of this choiceare
asfollows:

1 Sudch device is a close approximation to what
may becalledthe \ultimate MOSFET", because
two gates allow a very e®ectie control of the

electrostatic potential of the channel, and hence

the carrier transport. (Similar devices with

single-gate[15, 16] looseto double-gatedevices
in scalability, though are certainly preferableto
bulk MOSFETS.)

2 Although the fabrication of double-gatetransis-
tors is certainly more complexthan that of the
usual bulk MOSFETS, they have already been
implemented in various geometricalversions,in-
cluding planar [17-24], n-t ype [25-33]and ver-
tical [34-37]geometries.

Becauseof thesereasonsthe double-gateMOS-
FETs have becomea focus of recen theoretical
e®ortsto understand MOSFET scaling laws and
limits [38-61]. Theseanalysesare basedon a vari-
ety of modelsand calculation techniques, but give
resultsin the sameballpark. | will presert the most
recert results [59, 61] basedon a model (Fig. 1)
that | believe provides the best trade-o®of analy-
sissimplicity and result accuracy
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Fig. 1. A simple model of double-gate MOSFETs with
ultrathin intrinsic channel. Notice the di®erence between
the gate length L and channel length L.



2.2. Model

In this model of a nanoscalen-MOSFET, the
channel thicknesg is assumedto be so small that
the lateral electroncon nemernt (in direction z per-
pendicular to the channel plane) considerably in-
creaseghe e®ectie potential energy

Uet (X;y) = Ez i ei(x;y) (1)
of 2D motion of electronsin the channel (e > 0).
Here
7A=2
hoi = o y;2)jAXy;2)i’dz (2
i t=2
is the e®ective 2D value of the 3D electrostatic
potential ©. Calculations [86] show that if t . 3
nm, while the channellength L. and width W are

much larger than t, the 3D electron wavefunction
A may be factored as
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sothat the con nement energy
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wheremy, (closeto mq for silicon) is the heavy elec-
tron mass.For the valuet = 2nm, acceptedin most
illustrations below, E; is quite considerable(» 0.1
eV). (The channelis assumedto bein the [102]di-
rection of the silicon crystal, sothat the only two
valleys with heary massin z direction participate
in transport; for four other valleyswith light mass
m; ¥20.19mg in z direction, the con nement en-
ergy is my/ m; % 5 times higher and for reason-
able valuesof applied voltagesthesevalleysare not
populated.)

The functions A(x) and ©(x;y) (if W A L,
the y-dependenceof © is negligible) may be found
by a solution of, respectively, the 1D SdrAdinger
equation

z

2 A
i Z—rm@g(zx) + UWAX) = EAX);  (5)
22
UX) " Ueg(y) i 52 (5b)

2m;

and the 2D Poisgonequation
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Sincen(x; z) is the full 3D density of electronsin
the channel:

(6)

ko 1 vg X,
x Ky
)
equations (5ab) and (6) are generally coupledand
shouldbe solved self-consistetly . After that, drain
current density (per unit channel width) may be
calculated as

1=4%Im
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in any cross-section(The factor 4 is the product of
the number of silicon electron valleys participating
in the transport by the spin degeneracy)

Equation (5) neglectselectron scattering inside
the channel, i.e. describesballistic electron trans-
port. This assumptionis sometimesquestionedon
the basisof experiments with doped silicon chan-
nels, that indicate considerablescattering. How-
ever, results of recert experiments [62] indicate
that electron mobility in undoped SOI layers as
thin as’5 nm may be very high (> 400 cm?/V-s),
i.e. essetially the sameasin good bulk MOSFETs
[63]in the equivalent perpendicular "eld (pressing
the electron wavefunction \centroid" equally close
to the Si/SiO, interface). If the similar surface
roughnesscan be sustaineddown to t » 2 nm, the
mobility should be about 200cm?/V-s (decreasing
by a factor of two becauseof electron scattering at
both interfaces). This mobility (1) correspondsto
an elastic scattering time ¢, = m;/ e closeto 25fs.
(The inelastic relaxation time for relevant energies
is much longer, of the order of 100fs [64].) For the
most important transport region, where the e®ec-
tive potential U(x) is closeto its maximum, the
electron kinetic energy is of the order of thermal
energyks T » 25meV, i.e. their averagespeedv %
(3kg T/m,)*=2 is closeto 2.5 10" cm/s; for this
speedthe elastic meanfree path | = ¢v should be
about 6 nm. (This estimate is consistert with re-
sults of the recen direct measuremets of | in bulk



MOSFETSs [65].) While this value of | may belower
than the total channel length L, it is still larger
than that of the transport bottleneck, where elec-
trons overcome the potential barrier maximum.
This estimate meansthat the ballistic transport
may be a reasonableapproximation for MOSFETSs
with high-quality ultrathin undoped channels.
Equations (5ab)-(7) should be solved with ap-
propriate boundary conditions. For the model
showvn in Fig. 1, an electron leaving the chan-
nel has much more chancesto be scattered into
the bulk drain than bad into the channel [66].
As a result, one can use \completely absorbing"
boundary conditions that neglectthe backscatter-
ing completely. (These conditions are frequertly
usedfor the analysisof transistor with thin source
and drain, but herethis assumptionis much more
guestionable,becausebadkscattering may be quite
substartial [67].) In orderto maketheseconditions
self-consistem, oneshould assumethat occupation
of eat particular mode of electron propagation
in the channel, described by parameters ky and
Ey, is equal to the equilibrium Fermi function of
energyE = E, + ~?k3=2m, + E; in the source(for
the few electrons traveling is the bad direction,
in the drain). This function dependson the level
of doping of sourceand drain. If device-to-device
°uctuation of transistor parameters has to be
relatively small (this is necessaryfor acceptable
yield of integrated circuit fabrication), the average
number N of doparts in electrode regionsimme-
diately adjacent to the channel hasto beis much
larger than one.For sub-10-nmdevicesthe volume
V of these regionsis of the order of 0.3 10 18
cm®; henceto keep device-to-device °uctuations
belov 10% the doping rate N/V should be at
least as high as 3£ 10°° cmi 3, corresponding to
deeply degeneratesilicon. The numerical results
shown below correspond to this value, sincehigher
doping degradesthe MOSFET performance.

2.3. Results

Figures 2-4 show typical results of the numerical
solutions of the equations of the model discussed
above. One can seethat for relatively long devices
(L = 10 nm) the characteristics are closeto ideal:

at positive gate voltage the current rapidly satu-

rates at a level considerablylarger than the indus-

trial standard (for n-MOSFETs, 6001 A/ 1 m, i.e.

6 A/cm [1]), while the subthreshold curve slope is

closeto the perfect, thermally-determined value 60
mV/decade. Howewer, as soon as the gate length

L is reduced below approximately 5 nm (chan-
nel length L., belov » 8 nm), transistor perfor-

mance starts to degrade.In particular, the satu-
ration becomedesspronouncedand is achieved at

higher source-drain voltage V. The subthreshold
curve slope (Fig. 3) becomesconsiderably lower
than the perfect and shows increasingdependence
of V (the so-calleddrain-induced barrier lowering,

or \DIBL") as L decreasesMoreover, the sub-
threshold curves (plotted on semi-log scale) start

bending upward for large negative values of Vg,

dueto the contribution from quantum-mechanical
source-to-draintunneling along the channel.

The overall degradation of the transistor can be
characterized by voltage gain, i.e. the derivative
Gy = @Q// @/ takenat a xed drain current J. In
good MOSFETs, Gy ! 1 at saturation, sothis is
not a very popular engineering gure-of-merit. (In
the sub-thresholdregion, the notion of DIBL that
isessetially Gi,!, isusedinstead.) However, asthe
transistor degrades,the voltage gain becomesan
important characteristic, sincedigital logic circuits
fundamentally require Gy > 1 for their operation.
Figure 4 shavs Gy asa function of the gate volt-
age Vg, at xed drain-source voltage V= 0.5 V.
Onecanseethat asthe gatelength is reduced,Gy
rapidly decreasesits maximum approaching unity
at L ¥22nm, i.e. at the channellength L.~ L +
2tox about 5 nm.

2.4. Discussion

Detailed analysis of the results preseried above
shows that two e®ectscontribute comparably to
the devicedegradationat L ! 0: a lossof electro-
static cortrol of the bottleneck potential Uy by
the gate voltage Vg, and source-to-draintunneling
along the channel.

In order to estimate the electrostatic degrada-
tion analytically, onecanusethe 2D Laplaceequa-
tion to nd electrostatic eld distribution for a
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n-MOSFETs for 3 values of gate length L, numerically cal-
culated [59, 61] using the model shown in Fig. 1. Here and
in Figs. 3, 4, 6 and 7 below, the electrode doping level is
3£ 10%° cmi 3,
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Fig. 3. Subthreshold curves of double-gate n-MOSFETs
(Fig. 1) for 3 values of gate length L, each for 10 values of
drain-source voltage V (with 50-mV steps) [61]. The dashed
lines show the estimated gate oxide leakage current. Notice
that the gate oxide is thicker than in Fig. 2. (Subthreshold
curvesare mostly imp ortant for memory applications where
oxide leakage should be small). Dotted lines show the ideal
slope of 60 mV/decade.
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Fig. 4. Voltage gain Gy = @/=@/gjj=const Of Nanoscale
MOSFETs as a function of gate voltage for V = 0.5V and
seweral values of gate length L [59, 61].

simpli ed model of the device [43] in the deple-
tion regime (n = 0). The assumption of exponen-
tial dependenceof the electrostatic potential on x,
©(x; z) = ©(z)exp(8 x/, g), readily yields the fol-
lowing equation for | g:

"="ox) tan(t=2, g) tan(toc=,e) = 1 (9)

Figure 5 shaws levels of constart |, g on the [t,
tox ] plane, calculated using this equation. It is ev-
ident that , ¢ decreaseswith both t and to. For
small valuesof the ", /" ratio, and closevaluesof
t andtey, the following relations are approximately
satis ed:

I'ox:")ztox:"ox ¢ 122" ¢ tox="ox: (10)

In this case,Eq. (9) is reducedto a simple expres-
sion,

LE = ("ttoxzznox)l:z; (11)

following also from the so-called \parab olic ap-
proximation" [68, 69]. Equation (11) allows a very
simple interpretation: this is the standard length

(Cs/ Cp)¥™2 of "eld penetration into a 1D line of se-
ries capacitancesCg = t" o (represeriing the lon-

gitudinal capacitance of silicon channel per unit

length and width) shunted by parallel capacitances
Cp = 2'0"ox/tox (the speci c transversal capaci-
tance of two oxide layersin parallel).

Fig. 5. The contours of Xxed characteristic electrostatic
length | ¢ on the plane of channel thicknesst and oxide
thickness tox for Si double-gate MOSFETs (" = 12, "o
= 3.9). Solid lines: Eqg. (9); dashed lines: the parabolic
approximation given by Eq. (11). Solid and open points
show the parameter sets used for Fig. 2 (tox = 1.5 nm)
and Fig. 3 and 4 (tox = 2.5 nm), respectively.

One can expect the transistor electrostatics to
degradeseriously if the channel length is reduced
below » ¥4 ¢ . For the parametersacceptedfor Fig.
3 (t = 2 nm, tox = 1.5 nm, seethe solid point
in Fig. 5) this givesthe channel length limitation
L. %45.5nm, i.e. L ¥ 2 nm (Fig. 1), while the
increaseof tox to 2.5 nm (the open point in Fig.
5) increasesthe minimum L. to » 8 nm, i.e. L to
about 3 nm. These estimates are in a reasonable
agreemem with numerical results shown in Fig. 2
and 3, sothat one may useFig. 5 to estimate the
transistor electrostatics degradation for other pa-
rameters. It is commonly assumedthat SiO, gate
oxide with acceptableleakage and reliability [70-
73], and SOl layers[74, 75] with acceptablerough-
nessmay be both ultimately thinned to 1 nm. In
this caseFig. 5 shows that the electrostatic limit
Y e on the channel length is around 3 nm. Some
further (probably, modest) improvemert of elec-
trostatics can apparertly be achieved using the
thinned sourceand drain and more complex struc-
tures with nonuniform (\graded") channeland/or
gates{ seeg.g.,Refs.76-80.Finally, the useof new,
high-" dielectrics such as ultradense silicon oxyni-



tride [81], hafnium oxide [37,82],zirconium silicate
[83], or aluminum oxide [84] (seealso Chapter 4 of
this collection) may allow the channellength limit
to be pusheddown a little bit further, possiblyto
about 2 nm.

Howevwer, all these e®orts may be inadequate,
becauseof the secondimportant limitation on L
imposedby source-to-draintunneling. Let us give
a simple estimate of this e®ect.Sincefor very short
MOSFETs (with channel length of the order of
Y ) the potential distribution alongthe channel
is rather smooth, a reasonableestimate of tunnel-
ing importance may be obtained from the famous
Kemble formula (see,e.g., Ref. 85):

o1
1+ exp 2Yalma i Ex

D(Ex) = a; (12)

for the WKB transparency of electron tunneling
under an inverted quadratic potential U(x) =
Unax i Mi'2(X i X0)?/2. By coincidence, this
dependenceof barrier transparency on energy E
has exactly the samefunctional form asthe Fermi
distribution of the incident electrons. Using this
fact, it is straightforward to show that quantum
tunneling under such a barrier dominates over
\thermionic" chargetransfer over the barrier if the
physical temperature T is lower than the so-called
\in versiontemperature"

Tinv = ~! =2%Kg: (13)

For the e®ectie potential U(x) = E, j eh©i equal
to the Fermilevel " of sourceand drain at (X Xp)
= 8L /2, and peaking at Un,x over that level,
we obtain that tunneling dominatesat L. < L+,
where

Lt " (~=%ke T)@Umax =m)*2:  (14)

For Unax = 0.05eV (which is the typical barrier
height in the transistors discussedabove) and T =
300K, Eg. (14) yields Lt ¥ 7 nm. This estimate
agreeswell with the numerical results shavn in
Fig 2-4. Shorter devices,like those shown in Figs.
2c and 3c, operate essetially as\tunnel transis-
tors" were gate voltage cortrols electron tunnel-

ing through the barrier. 1 For deviceswith channel
lengthL.. L+, this control still may be e®ectie,
tunneling corresponding crudely to an increaseof
e®ective temperature from T to Tiny / 1/L.. This
conclusionis (at least qualitativ ely) con rmed by
“rst experimerts [7,8,15,16]with sub-10-nmtran-
sistors.

The control is, however, virtually lost assoon as
kg Tinv becomescomparableto U,y , becausethe
tunnel barrier becomesalmost completely trans-
parent. Formula (13) shows that this happensat

Le YaLlmin = ~=(2mUnax )1:2: (15)

Umax can hardly be larger than half the bandgap
(otherwise Zener tunneling [2] begins), giving for
silicon L min % 2 nm. Notice, however, that in ul-
trathin channelsthe conduction band edgerisesby
E, given by Eq. (4), while the valenceband edge
lowersaccordingto a similar formula, but with the
hole rather than electron mass. As a result, the
bandgap grows (by asmuch as»0.5eVatt =1
nm), soasa matter of principle the length limita-

tion due to source-to-draintunneling may be de-
creasedeven a little bit further.

2.5. Parameter sensitivity

The theoretical predictions made above seem
very optimistic: to summarize,they indicate that
physics allows FET channel length to be scaled
down as deeply asto at least 2 nm, still enabling
the performance necessaryfor operation of logic
and memory circuits. Howewer, these results also
indicate two major challengeson the way to ap-
proaching theselimits in commercial practice.

The “rst problem the rapidly increasing power
dissipation [49, 59]. For relatively long transistors
(Lc A 1) that are well described by the drift-
di®usion model, the speci ¢ power Py per unit

1 Earlier, tunnel transistors were discussed mostly in the
context of structures with metallic or silicide source and
drain which create additional Schottky barriers at channel
interfaces { see,e.g., Sec. 9.7 of Ref. 2 as well as recent
publications [87-89] and referencestherein. These barriers
cause additional reduction of device transparency; as a
result, in most casesthe tunnel transistor transconductance
and ON current were rather low.
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channel width decreaseswith L., becausedraw-
ing a certain ON current density requires approx-
imately the samelongitudinal electric "eld E, but
lower drain voltageV » EL.. (The real relation of
Po and V is more complex and dependson many
details [3-6], but this doesnot a®ectthe result qual-
itativ ely.) Howewer, as soon as L. becomescom-
parable with the mean free path, the power de-
creasestalls, becausehe ON current is now limited
by the sourceelectron supply exhaustion [39, 40]
rather than channelmobility. Moreover,atL. . 10

nm the transistor degradation due to electrostat-
ics and source-to-draintunneling leadsto increase
of Py with the channel length reduction, even at
the optimum choice of the power supply voltage
Vo [49, 59]. This increasewould further exacer-
bate the power managemen problem that is very
sewereeven now [1, 90, 91].

However, even more signi cant is the second
problem, the rapidly increasingsensitivity of tran-
sistor characteristics to unavoidable random vari-
ation of geometrical parameters, due to fabrica-
tion uncertainties. For example, Fig. 6 shaws the
decrease(\roll-o® ") of the threshold gate voltage
V; (de ned asthe value of Vg providing a certain
small drain current) with a reduction of the gate
length. The plot shaws that small changesin the
length de nition may lead to large variations of
V.. Thesevariations should be comparedwith the
minimum power supply voltage Vpp necessaryfor
driving the device.

For example, consider a relatively long device
with physical gate length L = 9 nm, planned by
the ITRS [1] for commercial introduction in ap-
proximately the year 2016. The same documernt
(see,e.qg., Table 57) predicts that by then the crit-
ical dimension cortrol accuracy (at the 3¥%level)
will reach » 0.7 nm. Figure 6 shows that this con-
trol would enablevariations of V; to be kept within
approximately 50 mV. On the other hand, Fig. 2a
shows that in order to keep ON current density
at the standard 600! A/t m level [1], the voltage
swing Vpp should be above 300mV; hencethe 50
mV variation seemsacceptable.

Now considera shorter devicewith L = 5nm, t
= 2nm, andto= 1.5nm (L, = 8 nm). According
to Fig. 6, in order to keep°uctuations of V; below
50 mV, the critical dimensionshould be cortrolled
better than » 0.2 nm, much tighter than the far-
thest ITRS projections for eventhe most advanced
lithographic techniquessud asEUV [97, 98], cur-
rently in the stageof laboratory developmert.

Moreover, Fig. 7 shonsthat V; is even more sen-
sitive to the channel thicknesst, mostly because
of the strong dependenceof the quantum con ne-
mert energyE, ont { seeEq. (4). For example,in
order to keep °uctuations of V; at the samelevel
(below 50 mV), t should be cortrolled better than
» 0.1nm, avery hard task indeed{ see.e.g.,Chap-



ter 3 of this collection.

The necessiy to ensuresud tight cortrol of de-
vice dimensionswill leadto arapid increaseof fab-
rication costfacilities, that may reac the point of
diminishing economicreturns. As a result, the Si-
MOSFET-based exponertial Moore-Law progress
may stop at L » 10 nm, i.e., long before funda-
mental physical limits have beenreaded.

2.6. Alternative FET materials

In view of this situation, it is important to
take a secondlook at the numerous suggestions
to replace silicon with another channel material.
Among those, single-wall carbon nanotube FETs
[92-96]seemto be most promising. (Results were
obtained for multi-w all carbon nanotubes[96] are
less impressive.) A possible advantage of these
structures could be smaller interface roughness
that may allow to implement small e®ectie values
of channel thicknesst (» 1.5 nm) while still sus-
taining reasonablemobility. However, for sub-10-
nm transistors the requiremert of very high mobil-
ity fadesaway, becausecurrent is more limited by
sourceexhaustion. (Since electrode material is dif-
ferent from that of the nanotube, current may be
also substartially limited by contact resistances.)

In addition, presen day production meth-
ods give nanotubes with random helicity, which
strongly a®ects the parameters of longitudinal
electrontransport, e®ectiely changing them from
metals all the way to semiconductorswith con-
siderable bandgap. Finally, carbon nanotubes (or
any other channel material) cannot help solve the
key problem of transistor parameter sensitivity to
channellength { seeSec.E above. As aresult, | do
not believe that an alternative channel material
may be a universalremedy against the sub-10-nm
transistor woes.

3. Single Electron Devices
3.1. Motivation

The problem outlined in the end of the last
sectionmotivates a searh for new nanoscaleelec-

tronic devicesbasedon di®erert physics. General
guidelines for such a seard may be provided by
the following argumerts [99] basedon the famous
particle-wave duality. Quantum mecanics says
that electronsmay behave either asdiscrete parti-
clesor cortin uous de Broglie waves,depending on
experimental conditions. (Surprisingly enough, a
suzciently clearunderstanding of theseconditions
for conduction electronsin solidswas achieved not
so long ago, in the 1980s{ for reviews see,e.g.,
Refs.100-102.)

Consider for example a generic situation where
two parts of a conductor are separatedby somein-
terface,and askwhether the electric chargeof eath
conductor is a multiple of the fundamental charge
e at any instant (this is natural for the particle
picture) or may be cortinuous (the wave picture
allows this, becausethe wavefunction of eat elec-
tron may be split betweenthe two parts). The an-
swer to this questionturns out to be dependert on
whether the e®ectiwe tunnel resistanceR of the in-
terfaceis larger or smaller than the natural quan-
tum unit of resistance

Ro =~ ~=€& Y 41k- : (16)

If the resistanceislow, R ¢ Rg, the chargeof eat
conductor may be cortinuous, but in the opposite
limit it may be only a multiple of e.

This relation may be derived and explained in
numerous ways; perhaps the simplest interpre-
tation is as follows. In a closed (\Hamiltonian")
quantum system, the characteristic energy of
guantum °uctuations per degree of freedom is
Eq » ~! /2, where! is a characteristic frequency
In cortrast, ead part of the conductor we are
discussing,concerningits electric charge degreeof
freedom,is an\op en" system, strongly interacting
with its ervironment (in classics,corresponding to
an RC relaxator, rather than an LC oscillator).
For such a system,~! should be replacedby ~/ ¢,
with ¢ = RC, where C is the capacitancebetween
the two conducting parts. Transfer of a single
electron betweenthe parts causesan electrostatic
energy changeof the order of Ec » €?/2C. Com-
paring Ec and Eq we notice that C cancels,and
seethat if R ¢ Rg, quantum °uctuations smear
out the electrostatic energy di®erencewhich tries
to keepthe electric charge of ead part constart.



To comprehendthe imp ortance of this result, let
us combine it with the so-calledLandauer formula
for the interface conductanceG ~ 1/R [100-102]:

G = (e?=¥x)8:D; 17)

where D; is the interface transparency (i.e. the

probability of electron transmission) for a partic-

ular transversalmode of electron propagation; the

sumis over all the modes.Comparisonof Egs. (16)

and (17) shows that if the conductor cross-section
is sonarrow that quantum con nement makesonly

one propagating mode possible, the condition of
electric chargediscretenesgakesa simple and nat-

ural form: D ¢ 1. Howewer, for deviceswith a
larger cross-sectionA, the restriction on the aver-

agetransparencyis much more sewere:D ¢, 1/N,

where N is the transversal mode number. (For a
degenerateconductor, N is of the order of , 2/A

where, ¢ is the Fermi wavelength, typically of the

order of 1 nm.)

An FET transistor is a good exampleof a device
where the number n of electronsin the channel is
never quantized, becausethe boundaries between
the electrodes and channel are typically highly
transparent (D » 1). As aresult, thesetransistors
do not exhibit single-electroncharging e®ectseven
if the averagenumber of electronsin the channelis
small. An adequateunderstanding of such devices
may be achieved using the wave language,usedin
particular in Sec.2 above.

Theoretically, for nanoscale \wave" devices
(R ¢ Rg), the FET-type cortrol of transport is
not the only possiblemode of operation: the e®ects
of quantum interference of electron de Broglie
wavescanbe, asa matter of principle, usedfor this
purposeaswell. In the 1980sand early 1990smuch
attention wasfocusedon such \quantum electronic
devices"{ see,e.g., Refs. 103-105.Howeer, later
the prospects for their practical applications have
been recognized as rather poor, mostly for the
following reason.In contrast to optical phonons
(which obey Bose statistics), charge carriers in
solidsarefermionsand in particular obeythe Pauli
principle: eat of them must have a di®erert en-
ergy, and hencea di®erert de Broglie wavelength.
Hence,high-cortrast interferencepatterns require
operation with either a single transversal mode or
a small number of modes. The accuracy+L of size

de nition of the nanostructures that single out
such a mode from a cortinuum, and then handle
its interference,should be much better than the de
Broglie wavelength , = h/(2 mE)'*? of the used
electrons. Simultaneously, the electron energy E
should be well above the thermal °uctuation scale
(typically, » kg T) in order to avoid interference
pattern smearing by thermal °uctuations. Com-
bining these two requiremerts, and plugging in
fundamerntal constarts, we may seethat for room
temperature L should be, asin nanoscaleMOS-
FETs, well belov 1 nm. (This is only natural,
because, hasthe sameorder of magnitude asL 1
de ned by Eq. (14)). This simple estimate shawv
that quantum interferencedevicesdo not have any
substartial advantage over FETs for sub-10-nm
scaling.?

The above discussionpertains to spatial quan-
tum interference; one can also consider using
temporal quantum coherenceof electrons for in-
formation processing.The most prominent ideas
put forward in this "eld are those of quantum en-
cryption and quantum computing { see.e.g.,[113].
Preserily, the former goal seemgo be much closer
than the latter; however, both of them represen
rather narrow application niches. For most tasks
faced by digital electronics, quantum computing
doesnot seemto o®ersigni cant advantagesover

2 | am aware of two important exceptions of this con-
clusion. First, if the only critical dimension of a device
may be dened by Tm thickness, it may be readily con-
trolled with sub-nm accuracy. This is the case of vertical
resonance diodes [106, 107]. If such devices with accept-
ably large peak-to-valley ratio are implemented in CMOS-
compatible technology (see, e.g., Ref. 108) there will be
hope for their practical introduction. Unfortunately , the
range of possible applications of these two-terminal de-
vices is probably limited to fast semiconductor memories
(challenging the current SRAM technology). The second
imp ortant exception are Cooper pairs in superconductors,
that are bosons rather than fermions. As a result, many
Cooper pairs may have exactly the same wavefunction, en-
abling the so-called macroscopic quantum interference ef-
fects in structures much larger than | - see,e.g., Refs. 109,
110. These e®ectsare used, in particular, in fast, ultra-lo w-
power Rapid Single-Flux-Quan tum (RSFQ) logic circuits
{ see,e.g., recent reviews [111, 112]. Unfortunately , these
circuits need deep refrigeration, the fact that has sofar has
hindered their wide practical intro duction.



the usual (\classical*) computing, while being
much harder to implement. Becauseof this rea-
son, | will abstain from discussingthis issuein this
chapter which deals with potentially practicable
digital technologies. (A brief review of quantum
computing may be found in the last chapter of
this collection.)

To summarize, in the category of \w ave" elec-
tron devices(R ¢ Rg) we are left with not much
more than the "eld e®ecttransistors. This mo-
tivates us to move to nanoscalestructures with
high impedance(R A Rq), dominated by single-
electron charging e®ects.

3.2. Single-eletron box

By now, the basic physics of single-electronde-
viceshasbeendewvelopedquite deeply, but is known
within a much narrower circle than that of MOS-
FETs. Thereforel will giveits brief review. (More
detailed reviews may be found, e.g.,in Refs.114-
117.)Let usstart with a genericsingle-electronde-
vice, frequertly called the \single-electron box" -
Fig. 8a.3

The device consistsof just one small conductor
(\island") separatedfrom an external electrode by
a tunnel barrier with high resistance,

RA Ro: (18)

An external electric "eld may be applied to the
island using a capacitively coupled gate electrode.
The "eld changesthe local Fermi level of the island
and thus determinesthe conditions of electrontun-
neling. Elementary electrostatics shows that the
energy of the systemmay be presened as

W = Q?=2Cg j (C4=Cs)QVy + const;  (19)

whereQ = - neistheisland charge(n isthe number
of uncompensatedelectrons), Cy is the island-gate
capacitance,while Cg is the total capacitance of

3 The basic physics of this device was understood by
Lambe and Jaklevic [118] as early asin 1969, on the basis
of their experiments with disordered granular structures,
while the “rst quantitativ e theory of the box was devel-
oped by Kulik and Shekhter [119]. The rst experiments
with an individual box were, however, carried out much
later [120], after key experiments with other, more com-
plex, single-electron devices.
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Fig. 8. Single-electron box: (a) schematics, and (b) the
"Coulom b staircase”, i.e. the step-like dependence of the
average charge Q of the island on the gate voltage Vg, for
seweral values of relativ e temp erature.

the island (including Cg). It is corveniert to re-
write Eq. (19) expressionin another form,

W = (Qoi ne)?=2Cg + const; Qo  CqVg;
(20)

where parameter Qg is usually calledthe "external
charge". From its de nition, it is evidernt that in
cortrast with the discrete total charge Q of the
island, the variable Qg is cortinuous, and may be
a fraction of the elemenary chargee.

At suzciently low temperatures,

keT ¢ Ec; Ec’ €=Cs; (21)
the stationary number n of electronsin the island
correspondsto the minimum of W; an elemenary
calculation using Eqg. (20) shows that Q is a step-
like function of Qo, i.e. of the gate voltage (Fig.
8b), jumping by e when

QO:e(n+%); n=0,8182::: (22)



If the temperature is increasedto kg T » Ec, the
system has non-vanishing probability p, to bein
other states aswell, with

_ poxpfi W(n)=ke Tg
" expfi W(n)=ks Tg’

n

(23)

A straig@forward calculation of the averagecharge
hQi = - enp, yields the pattern shown in Fig.

8b:the strzep-like dependenceof chargeon gatevolt-
ageis gradually smearedout by thermal °uctua-
tions. This is typical for all single-electrondevices,
sothat the operation temperature of most of them
should satisfy Eq. (21). (A notable exception are
single-electrontemperature standards that oper-
ateat kg T » Ec { see,e.g.,Refs.121,122.)

The physics of this \Coulomb staircase" is very
simple: increasing gate voltage Vy tries to at-
tract more and more electronsto the island. The
discretenessof electron charge, provided by low-
transparency barriers (with R A Rg ) ensures
that the changesmay be only discrete. Notice that
in this sensethe box (and all other single-electron
devices) are not really a \quantum electron de-
vice", or at least much less so than the usual
“eld-e®ecttransistor.

3.3. Single-Electron transistor

A simple modi cation of the single-electronbox,
splitting its electrode into two parts (source and
drain), sothat voltage V may be applied between
them, turns it into a very important device, the
single-electron transistor (Fig. 9a). This device,
that wasrst suggestedn 1985[123,124]and rst
implemerted two yearslater [125],is clearly remi-
niscent of an FET, but with a small conducting is-
land limited by two tunnel barriers, instead of the
usual channel, connectingthe sourceand drain.

Figure 9b shaws a typical setofdc1 j V curves
of such transistor, for several valuesof the \exter-
nal charge" Qp, de ned in the sameway asin the
single-electronbox { seethe secondof Egs. (20).
One can seethat at small drain-to-source voltage
V, thereis virtually no current, besidesthe special
valuesof Qg given by Eq. (22). The physicsof this
phenomenon(the \Coulomb blockade") is easyto

kT = 0.01 ¢°IC
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Fig. 9. Single-electron transistor: (a) schematics, and (b)
a typical set of source-drain | j V curves of a symmetric
transistor for seweral values of the \external charge" Qo,
i.e. of the gate voltage Vg, calculated using the \ortho dox"
theory of single-electron tunneling.

understand: evenif V > 0, and thus it is energy-
advantageousfor a electron to go from sourceto
drain, onits way the electronhasto tunnel into the
island “rst, and changeits chargeQ it by ¢ Q =
- e. Such charging would increasethe electrostatic
energyW of the system

W = (Qoi ne)’=2Cs
i eV(n;Cy + nyCy)=Cs + const; (24)
C§ ’ Cg + C1 + CZ;

(where n; and n, are the numbers of electrons
passedhrough the tunnel barriers 1 and 2, respec-
tively, sothat n = n; | ny), and henceat low
enoughtemperatures (kg T ¢ Ec) the tunneling
rate is exponertially low.

At a certain threshold voltage V; the Coulomb
blockade is overcome,and currents starts to grow



<
=z

elCy

n=-1 n=1
\1/(C|+Cg) -

T T Qo = GV, + const

Fig. 10. Coulomb blockade threshold voltage V; as a func-
tion of Qp: (a) theoretical dependenceat T ! 0, and (b)
experimental contour plots of current on the [V, Vq4] plane
for an aluminum SET with E¢c % 100 meV at T = 4.2 K
[126].

with V. The mostimportant property of the single-
electron transistor is that V; is a periodic function
of Vg, vanishing in special values of gate voltage,
given by Eq. (22) { seeFig. 10. The reason for
theseso-called"Coulomb blockade oscillations"” is
evidert from the above discussionof the single-
electron box: in the special points (22), one elec-
tron may be transferred to the island from either
drain or sourcewithout changing the electrostatic
energyof the systemewenat V = 0. Hence,an elec-
tron can tunnel from the sourceto the island and
then to the drain even at negligible V , so that
V¢ = 0. As can be readily showvn from Eq. (24),
at low temperaturesthe dependenceof V; on Vj is
piecewise-linearwith its lower and upper branches
forming the so-called\diamond diagram" (Fig. 10)
[123].

Sincethe | | V curvesof the transistor are con-
tinuous (Fig. 9b), if a small current is xed by an
external circuit, V is closeto V; and also follows

the diamond diagram { see,e.g., Fig. 10b. Thus
the voltage gain and transconductance of single-
electrontransistors may changesign dependingon
the gate voltage { an important di®erencein com-
parison with usual “eld-e®ect transistors. On the
other hand, the samediamond diagram shows that
the voltage gain is limited by a capacitance ra-
tio: (Gv)max = Cy/Cy [124]. 1t may be higher
than unity (see,e.g. experiments [127-129]), but
hardly much higher than that, especially in room-
temperature transistors.

3.4. Single-eletron trap

Another key device, the \single-electron trap",
may also be understood as a generalization of the
single-electronbox. Let usreplacethe singletunnel
junction in Fig. 8awith a one-dimensionalarray of
N > 1 islands separatedby tunnel barriers - Fig.
11a.* The main new feature of this systemis its
internal memory, i.e., bi- or multi-stabilit y: within
certain rangesof applied gatevoltage Vy the system
may be in one of two (or more) charged states of
its edgeisland (Fig. 11b).

The reasonfor this multi-stabilit y stems from
the peculiar properties of an electron inside a 1D
array: an electron located in one of the islands of
the array extendsits “eld to acertain distance[133,
134]and hencemay interact with the array edges
(is attracted to them). As aresult, the electrostatic
self-energyof the electron has a maximum in the
middle of the array. By applying suzciently high
gate voltage Vy = V. the energy prole may be
tilted enoughto drive an electroninto the edgeis-
land; if the array is not too long, other electrons
feelits repulsionand do not follow. If the gate volt-
ageis subsequetly decreasedto the initial level
(V = 0), the electron is still trapped in the edge
island, behind the energy barrier. In order to re-
move the electron from the trap, the voltage has
to be reducedfurther, to Vy < V; < 0. As are-
sult, the n(Vy) dependenceexhibits regions of bi-

4 This device was st discussed explicitly in 1991 [130,
131], but in fact it may be considered just a particular op-
eration mode of a more complex device, the single-electron
turnstile, invented earlier [132].
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Fig. 11. (a) Single-electron trap and (b) its static charac-
teristic (schematically).

or multi-stabilit y, in which the charge state of the
trap dependson its prehistory (Fig. 11b).

The retention time of a certain charge state
within the multi-stabilit y region is fundamentally
limited by the thermal activation over the energy
barrier, and a higher-order quantum process,co-
tunneling [135]. The rst e®ectis exponertially
low in E./kg T, while the seconde®ectfalls ex-
ponertially with the array length N. As a result,
electron retention time may be very long; exper-
imentally, single electron trapping for more than
12 hours hasbeendemonstrated [136-138].

Note that a similar multi-stabilit y may be also
achieved in the simpler device, single-electronbox
(Fig. 8a)if the tunnel barrier is sothick that the re-
ciprocal tunneling rate j | ! is longerthan the mea-
suremen time scale.Howewer, in order to suppress
this barrier and ensure fast box recharging, the
energy eV 4 available from the applied gate volt-
ageshould be comparablewith the barrier height,
typically of the order of a few electron-wlts. On
the other hand, in the trap the necessaryenergy
is of the order of Ec, and in low temperature ex-

periments may be much lower. However, for room-
temperature devices,Ec should be also of the or-
der of 1 eV or higher (seeFig. 13and its discussion
below), and the advantage of the trap over the box
fadesaway.

3.5. Single-eletron parametron

The last key single-electrondevice, the so-called
parametron [140]is essetially a short segmen of
a 1D array of islands, galvanically detached from
both electrodes. The simplest version of the de-
vice usesthree small islands separatedby two tun-
nel barriers (Fig. 12a). For simplicity, | will de-
scribe its operation for the casewhen the system
is charged by oneadditional electron, though suc
pre-charging is in fact unnecessary{141].

Let the parametron be biased by a periodic
"clock" electric "eld E(t), oriented vertically,
for example, by a slight vertical shift of the cen-
tral island. (Of course, the same e®ectmay be
achieved in a strictly linear array, using a special
gate located closer to the certral island [141].)
This "eld keepsan extra electron in the certral
island during a part of the clock period. At some
instant, the "eld E. reachesa certain value E; at
which electron transfer to one of the edgeislands
becomesenergy advantageous.If the systemwere
completely symmetric, the choice betweenthe two
edge islands would be random, i.e. the system
would undergo what is called the \spontaneous
symmetry breaking". Howewer, even a small ad-
ditional "eld E s applied by a similar neighboring
device(s) may determine the direction of electron
tunneling at the decision-making momert. Once
the energy barrier created by the further change
of the clock eld has becomelarge enough, the
electron is essetially trapped in one of the edge
islands, and the "eld E s may be turned o®. Now
the deviceitself may serve asa sourceof the dipole
signal eld E s for the neighboring cells. The sign
of this "eld (i.e. of the electric dipole momert of
the device) presents one bit of information.

Figure 12b shows the phase diagram of the
parametron [141], that gives a quartitativ e de-
scription of the properties described above. Each
of \ON" states (with the extra electron in one
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Fig. 12. (a) Single-electron parametron and (b) its phase
diagram for the case of precharging by one extra electron.
The bold arrow shows the evolution described in the text.

of the edge islands) is stable within an angle-
limited region. Theseregionsoverlap providing the
(hatched) diamond-shaped region of cell bistabil-
ity. The route from \OFF" state (with the electron
in the certral island) to oneof the ON states, that
was described above, in shavn by the bold arrow.

Recerily, low-temperature prototypes of the
single-electron parametron were experimentally
demonstrated by two groups[142,244,309],albeit
oneof them prefersto usea di®erert namefor this
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Fig. 13. Single-electron addition energy Ea (solid line),
and its components: charging energy Ec (dashed line) and
electron kinetic energy Ey (dotted line), calculated for a
simple model of a single-electron island [117].

device.

3.6. Saling and implementation

Before discussingthe current and prospective
applications of single-electrondevices,we should
considertheir scaling. The most important condi-
tions for operation of such devicesare givenby Egs.
(18) and (21). The former condition, R A ~=¢® ¥4
10k-, isrelatively easyto satisfy experimertally,
sinceresistanceR of a tunnel barrier grows expo-
nertially with its thickness.On the other hand, this
relation shavsthat the output resistanceof single-
electron devicesis unavoidably high, practically
above » 100 k-. This feature is frequertly cited
asa drawbadk. However, what is really important
for applications (e.qg., the interconnect recharging
speed) it the maximum current density per unit
width. For a room-temperature SET with V »
V; » Ec/e » 1 Volt, the total current would be
below 10t A. However, sincewidth of such transis-
tor hasto bevery small, » 1 nm (seebelow), the
available current density may be well above 1,000
LA/t m,i.e., evenhigherthan that of standard sil-
icon MOSFETSs [1].

The latter condition (21) makesthe practical im-
plemenrtation of single-electrontransistors operat-
ing at room temperature rather problematic. Fig-



ure 13 shaws the energy E; necessaryto put an
additional electron on a transistor island of a cer-
tain radius, calculated within the framework of a
simplemodel [117].This energyis crudely a sumof
the electrostatic cortribution Ec = €2/ C, where
C is the island capacitance,and quantum con ne-
ment energyEy. While Ec dominatesfor relatively
largeislands, for 1-nm-scaleislandswith sizecom-
parable with the electron de Broglie wavelength,
Ex becomessubstartial. ®

Both theory and experiment show that single-
electron tunneling e®ects(i.e. somecurrent mod-
ulation by gate voltage in single-electrontransis-
tors) becomevisible at E; » 3kg T. It meansthat
in order to notice these e®ectsat T » 100 mK
(the temperature routinely reached in standard
helium-dilution refrigerators), E, should be above
» 251 eV, corresponding to the island capacitance
C » 5£10 ® F and island size of the order of
1 micron, with tunnel junction area » 0.1£0.1
1m?. Such dimensions can be routinely readed
by sewral methods, including notably the now-
classicaltechnigue of metal evaporation from two
anglesthrough hangingresistmask(most typically
formed by direct e-beamwriting on a double-layer
resist). This method was used, in particular, for
the rst experimental demonstration of a stand-
alone single-electrondevice [124]; later this tech-
nique, complemened with subsequeh island oxi-
dation, hasbeenadvancedto increaseE, to » 0.1
eV in certain samples{ see,e.g., Fig. 10b [126].
This is suzcient to seea slight current modulation
even at room temperature.

Howewer, for reliable operation of most digital
single-electrondevices the single-electronaddition
energy should be approximately 100 times larger
than kg T. This meansthat for room temperature
operation, E, should be as large as» 3 eV. Ac-
cording to Fig. 13, this value correspondsto island
sizeabout 1 nm. Reproducible fabrication of inte-
grated circuits with featuressosmall preseris quite
a challenge.Most claims of successn this direction
have beenbasedon results from evidertly irrepro-

5 Notice that at Ey > Ec, the basic (\ortho dox") theory
of single-electron tunneling [115] should be modied [142,
143] (see also review [144]), although the device implica-
tions do not change signi cantly.

ducible structures, for example,arrays of nanopar-
ticles deposited betweenrather distant sourceand

drain. (By chance, one of these particles may be
tunnel-coupledto its neighbors much more weakly

than are others, forming a single-electrontransis-

tor island, while strongly coupled particles e®ec-
tively merge, forming its source and drain.) Of

course,the parametersof such transistors are un-

predictable, and there is no hope of using them in

integrated circuits.

A more interesting option is fabrication of dis-
crete transistors with scanning probes, for exam-
ple by nano-aidation of metallic Tms [145, 146]
or manipulation with carbon nanotubes[147-149].
For the former devices,single-electronaddition en-
ergiesas high as 1 Volt have beenreaded [146],
though unfortunately the current wasvery low (be-
low 10 1t A). Moreover, the scanningprobe tech-
nigues are so slow that there is no hope for their
usein the fabrication of circuits of any noticeable
integration scale,though for discrete devicesthis
approac may be promising.

Seweral methods which are closer to standard
CMOS technology have alsobeenusedto fabricate
single-electrontransistors, mostly by the oxidation
of athin silicon channel until it breaksinto oneor
seeral tunnel-coupledislands{ seethe pioneering
work [150] and recen results [151-154].The high-
estvaluesof E, reachedin thosee®orts(» 250mV
[154]) are still not high enough for logic applica-
tions, but for somememory cells (seebelow) this
value is almost suzcient. A problem with this ap-
proach isthat the parametersof the resulting tran-
sistors are still highly irreproducible, and there is
little chanceof changingthis situation without the
developmert of patterning technologieswith a sub-
nm resolution { a very distant goal indeed (see,
e.g.,the next chapter of this collection).

A radical way to overcome the reproducibil-
ity is to use natural 1-nm-scaleobjects of exact
sizeand shape: molecules.Starting from the mid-
1990s, seweral groups have managedto measure
electron transport through a single molecule (or
a few moleculesin parallel) placed between two
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Fig. 14. A single-molecular implementation of single-electron transistor [172]: (a) the molecules that provided the SET-lik e
characteristics shown in panel (c) for seweral gate voltages. Panel (b) shows the scheme of the experiment, while a SEM
picture of the used nanoelectrodes is shown in the inset.




metallic electrodes® [155-178,314, 315]. During
this period, the accuracy and reproducibility of
such experimerts hasbeenimproved dramatically,
and someof the obsened phenomenahave already
beenunderstood, at least on semi-quartitativ e ba-
sis. The rst attempts at qualitativ e explanation
of the transport data [179-184](seealso Chapter
6 of this collection) have been only partly suc-
cessfulsofar, apparertly becausethe chemistry of
molecule-to-metalinterfacesstill hasto be under-
stood in more detail for ead particular method of
structure formation.

Besides some very short molecules (see, e.g.,
Refs. 172,173, 176) that feature high low-voltage
conductance G » €/h (that is interpreted, in
terms of Eq. (17), as high transparency D of the
moleculefor at least one transversal mode), most
samplesshow | j V curvesreminiscert of those
shown in Fig. 9b{ see.e.qg.,Fig. 14b. This suppres-
sion of current at low voltagesis typically inter-
preted as follows: if the moleculeis long enough,
it would typically feature a part where electron
orbitals are not too much a®ected by metallic
electrodes. These orbitals typically feature con-
siderablediscretenessand hencea substartial en-
ergy gap ¢ betweenits higher occupied molecular
orbital (HOMO) and lowest unoccupied orbital
(LUMO). If the applied voltage is small, Fermi
levels of both electrodes have a good chance to
be inside this gap, so the conductanceis small.
(If ¢ A kgT, the only mecanism is quantum-
medanical tunneling through the molecule as a
whole; this tunneling is very small is the molecule
length is above a few nanometers{ cf. the dis-
cussionof MOSFETSs in Sec.2.3) As the applied
voltage increasesgither HOMO or LUMO is even-
tually aligned with one of the Fermi levels, and
electrons may passthrough the molecule in two
hops (from one electrode to the inner orbital and

6 The list of employed con gurations includes scanning
tunnel microscopes (STM) [155, 156, 158, 164-166, 168,
169], \break junctions" (mechanically controlled cracks in
narrow metallic wires) [156, 160, 162, 170, 174], crossings
of two narrow wires [159, 163, ], nano-ori ces in a thin
Im [161, 175], gaps in nanowires, either narrowed [167]
or created [172, 173, 314] by electromigration, and even
junctions fabricated on an STM tip [171].

then to another electrode), resulting in consider-
able increaseof current.

This physics is very close to that of single-
electron transistor (essetially identical to it, if
the discretenessof inner energy levels is taken
into account [142,143]). Consequeltly, one might
expect that if the electrostatic potential of the
moleculeinterior could be changedby voltage Vg
applied a galvanically-insulated gate electrode,
the Coulomb blockade threshold voltage would be
changedin the piece-linearfashion shawn in Fig.
10a.This conclusionhasbeencon rmed in rst ex-
periments [156,165,167,169,171-173,314]where
such gate hasbeenarranged{ seeFig. 14b.Hence,
onemay state that single-molecule single-electron
transistors have already beenimplemerted.

Sofar, thesedeviceshave beenformed by tech-
niquesexcluding practical fabrication of integrated
circuits. However, there arevery good prospectsfor
chemical synthesis of special moleculesthat would
combine the structure suitable for single-electron
tunneling with the ability to self-asserbly from
solution on prefabricated nanostructures, with ac-
ceptableyield { see.g.,the discussionin Ref. 185.
Then a way to generically inexpensiwe fabrication
of VLSI circuits would be open. We will comeback
to this opportunity in Sec.4 below.

3.7. Random backgiound charge problem

Besidesfabrication, single-electronicsfacesone
more seriousproblem. Let a single charged impu-
rity be trappedin the insulating environment, say
on the substrate surface, at a distance r from a
single-electronisland, comparableto its sizea. The
impurity will polarize the island, creating on its
surfacea polarization (\image") charge of the or-
der of e(a/r), that is e®ectiwely subtracted from
the external charge Qg { see,e.g., Eqg. (20). This
charge a®ectsall characteristics of single-electron
devices, for example, in the single-electron tran-
sistor it shifts the Coulomb blockade threshold V;
{ seeFig. 10. For r » a, this shift may be large,
of the order of (V;)max , €ven from a simple impu-
rity. Using eventhe most optimistic estimate com-
patible with experimertal data, 10° cmi 2 [186],
for the minimum concenration of charged impu-



rities, and assumingl-nm island size,we can esti-
mate that at least10' 3 part of the chip areawould
be\p oisoned", sothat the samefraction of single-
electron deviceswill have an unacceptably large
badkground charge °uctuation, Qo » 0.1e.”

A possibleway to circumvent this problem is
the use single-electron transistors with resistive
(rather than capacitive) coupling [124, 187-188],
which are insensitive to badkground charge. These
devicesrequire \Ohmic" resistors with very high
resistance(above » 1 M-) and quasi-coninuous
(\sub-electron™) transfer of charge that would
provide the compensation for the fractional part
of the random bacdkground charge. Suc resistors
have been indeed demonstrated (see, e.g., Ref.
190), however, their implementation for room
temperature operation presers a problem. In
fact, theoretical analyses[191-193]show that in
order to provide the contin uous transfer of charge
a di®usiwe conductor hasto be much longer than
the electron-phononinteraction length. For most
materials at room temperature, this length is
well above 10 nm (see, e.g., Ref. 64), i.e. much
larger than the desirable size of the whole device.
Moreover, the stray capacitance of such a resis-
tor would be much larger than that of the island
itself, reducing its single-electroncharging energy
and making room temperature operation impos-
sible. As a matter of principle, electron hopping
in quasi-insulators may ensure higher resistance
at smaller resistor length; however, results of a re-
cert analysisof quasi-cortinuoustransport in this
regime [194-196]also leadsto pessimistic conclu-
sions concerning the resistor size. For these rea-
sons, prospects for room-temperature operation
of any resistively-coupled single-electron devices
do not look encouraging.

7 It would be unfair to say that such poisoning is the spe-
cic problem of single-electronics. The electrostatic poten-
tial created by a single charged impurit y in a typical di-
electric is of the order of 1 Volt, the typical voltage scale
for most electron devices including “eld-e®ect transistors.
This is why this e®ectis important for all nanoscale de-
vices. The only reason why it was noted in single-electron
devices rst is that these devices retain high charge sensi-
tivit y even if their islands are much larger (this is accept-
able for low-temp erature operation).

3.8. Electrometry

Now we are ready to discuss applications of
single-electron devices. Unfortunately, due to
spaceand time restrictions, | will not be able to
discusstheir usein fundamental physical exper-
iments, and also in sud interesting but narrow
areasof electronicsas single-electronspectroscopy
(for areview, see,e.g., Ref. 144), dc current stan-
dards, and temperature standards[121, 122]. (For
general reviews of analog and metrological appli-
cations of single-electron devices see, e.g., Refs.
131,197and 198.) | haveto merntion, however, one
analog application which may becomeimportant
for future integrated circuits, namely using single-
electrontransistors asultrasensitive electrometers.

If the source-drainvoltage V applied to a single-
electron transistor is slightly above its Coulomb
blockadethreshold V;, source-draincurrent | of the
deviceis extremely sensitive to the gate voltage Vg.
In fact, Figs. 9, 10shaw that eventhe changes+Vy
corresponding to sub-single-electronvariations of
the external charge lead to measurablevariations
of |. Calculations basedon the orthodox theory
have showvn [199, 200] that the optimized charge
sensitivity of such an electrometeris limited by its
white (combined Johnson-Nyquistand shot) noise
at the level

8
_, S B4C; C << C;
QY (kg TRE )2 £
2.7C;i; Ci > C;
(25)

whereR = R; = R, and C = C; = C, (¢

e?=kg T) are resistance and capacitance of eadt
tunnel junction of the transistor, C; is the e®ectie
output capacitance of the signal source (includ-
ing the capacitance of the wires connectingit to
the transistor), and ¢ f is the measuremenh band-
width. This sensitivity is not at all impressiwe if C;
is large on the scaleof C, which is typically very
low (Fig. 13). On the other hand, if the sourceis so
small and so closeto the single-electrontransistor
that C; of the order of C, the white noiselimits the
charge sensitivity only_at an extremely low level
of the order of 10' e/ P Hz. This is some7 orders
of magnitude better than sensitivity of the best
commercially available instruments, and about 4



orders of magnitude more sensitive than specially
designedlow-temperature MOSFETSs.

Tunnel barriers and electrostatic ervironment
of single-electrondevicesalways cortain electron
trapping certers and other two-level systems,eath
capableof producing \telegraph noise" { discrete,
random low-frequency variations of the barrier
conductance.An ensenble of thesevariations, with
exponertially broad distribution of parameters,
producesexcessl/f -type noise;in single-electron
transistors such noisemay be very high, typically
limiting the chaﬁge resolution at the level of the
order of 10 e/~ Hz for a-few-Hertz signal fre-
guencies.The sensitivity H1ay bereducedradically
(to a level belov 10 °¢/ ™ Hz [201]) using special
stacked geometry in which the single-electronis-
land is lifted over the substrate that apparertly
hosts most of 1/f noise sources.Another way to
reach a similar sensitivity is to modulate the tran-
sistor parameters, and pick out its output, at a
GHz-rangefrequency[202, 203]. Such modulation
cannot beat the white-noise-imposedlimitation of
sensitivity [204], but helps to avoid most of 1/f
noise. In digital circuits it is easyto avoid the
1/f noiseby digital modulation, thus approacing
the fundamertal noiselimit given by Eg. (25).

3.9. Single-and few-eletron memories

The trade-o® of advantages and drawbadks of
single-electrondevicesis most favorable for mem-
ory applications (see,e.g.,Ref. 205), becauseof the
following reasons:

(i) for memories,the bit density is the most im-
portant single gure-of-merit,

(i) low voltage gain of single-electrontransistors
may be tolerated,

(iif) simple rectangular-matrix architecture of
the memory banks makesthe exclusionof bad bits
(say, with thresholds shifted by a single charged
impurit y) possible{ seebelow.

The published suggestionsfor single-electron
memory cellsare basedmainly on two approades:

- using various modi cations of the single-
electron trap (Fig. 11) with either MOSFET or
single-electron-transistorreadout, and

- direct scalingdown the cellsof usualnonvolatile

memories[206].2

Physicsof thesetwo approadesis not much dif-
ferert: in both of them, insertion and extraction of
a single electron to the trapping island (\°oating
gate"), i.e. write and eraseoperations, are achieved
by the "eld suppressiorofthe potential barrier sep-
arating the island from the electron source (word
line). The only di®erences that in the former case
the barrier is created by the Coulomb repulsion of
electronsin a short 1D tunnel junction array, while
in the latter casethe barrier physicsis the usual
conduction band o®seta singlethick tunnel barrier
(e.g.,» 8 nm of SiO, ).

Numerousexperimerts with single-electroncells
of both typeswere useful for the developmert of
the “eld; in particular, room temperature opera-
tion of single cells has beendemonstrated by sev-
eral groups[26, 216-218].However, becauseof the
badkground chargerandomness(seeSec.F above),
thesecells can hardly be sutciently reproducible.
In fact, a single charge impurity near the °oat-
ing gate has an e®ectequivalent to an addition of
(positive or negative) external charge ¢ Qo » €,
and thus shifts the threshold for both write/erase
and readout operations from their nominal values
rather considerably In the trap-t ype cellsthe same
e®ect,in addition, may changethe array proper-

8 The latter approach includes an interesting proposal
[207, 208] (seealso Refs. 210-217) for relativ ely large (multi-
electron) memory cells, using many (N) nanometer-scale
silicon crystals rather than a single °oating gate, in usual
nonvolatile memories. The main advantage of this idea is
that a single leaking defect in the tunneling barrier would
not ground the whole stored charge, but only its minor
(» 1/N) part. This may allow to use very thin tunnel
barriers (which would be unreliable in the ordinary case)
and thus to decrease the characteristic time of Fowler-
Nordheim tunneling, which presents the lower bound for
the write/erase cycle. A potential drawback of nanocrys-
talline °oating gates is that the electric “eld of the sur-
face of each crystal, which determines the Fowler-Nordheim
tunneling rate, depends on the size and exact shape of the
crystal and is basically unpredictable. This may provide
an undesirable broadening of the statistics of the electric
“eld at the surface of nanocrystal surfaces, and hence of
write/erase thresholds, especially at any attempt to scale
the cells below 10 nm, where the number N would be rel-
ativ ely small.



ties randomly [196].°

Due to the regular structure of memory arrays,
seweral ways of avoiding the random badkground
charge e®ectsare available. The idea suggested
“rst [221]wasto usethe periodic character of the
threshold characteristic of single-electrontransis-
tors for the cell contents readout. In this approac
the memory structure may bevery simple{ seeFig.
15a.Binary 1is storedin arelatively large °oating
gate in the form of a positive charge Q = Ne, with
N » 10, while binary 0 is preseried by a similar
negative charge. (Since N 6 1, the e®ectof ran-
dom badkground chargeon the °oating gateis neg-
ligible.) Write/erase processis achieved by Fowler-
Nordheim tunneling through a barrier separating
the °oating gate from the word line. Readoutis de-
structiv e, and combined with WRITE 1 operation:
if the cell contents was0, during the WRITE 1 pro-
cesshe injected electronsramp up the electric po-
tential U of the °oating gate, sothat the external
charge Qq of the readout single-electrontransistor
is ramped up by N %, with 1< N%< N. Dueto the
fundamental periodicity of the transconductance
(Fig. 10), this ramp-up causesN ° oscillations of
the transistor current. (If the initial charge of the
°oating gate correspondedto binary 1, the transis-
tor output is virtually constart.) The current cre-
ates oscillations of voltage between two bit lines
connectedto SET sourceand drain. These oscil-
lations are picked up, ampli ed, and recti ed by
an FET senseamplier; the resulting signal senes
as the output. The main idea behind this device
is that the random badkground charge will cause
only an unpredictable shift of the initial phaseof
the current oscillations, which doesnot a®ectthe
recti ed signal.

This concept has been veri ed experimentally
[222] using a low-temperature prototype of the
memory cell. A very attractiv e feature of suc
SET/FET hybrid approacd is a relatively mild
minimum feature requiremert: room temperature
operation is possiblewith an electron addition en-

9 Memory cells based on single- (or few-) electron trap-
ping in grains of nanocrystalline MOSFET channels [219,
220] have even larger threshold spreads due to random lo-
cations of the grains and random transparency of tunneling
barriers.

ergy of about 250 meV. Figure 13 shaws that this
level requiresa minimum feature (SET island) size
of about 3 nm, i.e. much larger than that required
for purely single-electrondigital circuits. The rea-
son for this considerablerelief is that in this hy-
brid memory the single-electrontransistor works
in the essetially analog mode, as a sensepream-
plier/mo dulator, and can tolerate a substartial
rate of thermally activated tunneling events. One
drawbadk of this memory is the needfor an FET
senseampli er/recti er. Howewer, estimatesshawv
that sinceits input signalshave already beenpre-
ampli'ed with the SET, one FET ampli er may
sene seweral hundred memory cellswithin the or-
dinary NOR architecture [205,206],and hencethe
assaiated chip real estate loss per bit is minor.
The next drawbadk is more essetial: the signal
chargeswing ¢ Qg = N % at the single-electronis-
land should exceede. Sincethe gate oxide should
not beetoo leaky to sustain acceptableretention
time of the °oating gate, its thicknessshould be
at least a few nanometers.For silicon dioxide this
gives a speci ¢ capacitance of approximately 1
1 F/em 2, corresponding to » 10 nm? area per one
electron (at 1 Volt). This prevents scaling of the
island well below its maximum size(» 3 nm).

Both these drawbadks may be avoided using
a more complex memory cell (Fig. 15b, adapted
from Ref. 223) in which the random badground
charge Qg of the island is compensated by weak
capacitive coupling with the additional (\comp en-
sating") °oating gate. The necessaryfew-electron
charge of this gate may be inserted from an ad-
ditional (\comp ensation") word line before the
beginning of memory operation, when special pe-
ripheral CMOS circuit measureQq of ead single-
electron transistor (this may be done in parallel
for all bits on a given word line) and dewvelopsan
adequate combination of bit line signals. During
the actual memory operation, the compensating
charge is constart, but may be adjusted period-
ically if necessaryDue to the compensation, the
SET may be biasedreliably at the steeppart of its
cortrol characteristic (Fig. 10) and henceusedfor
nondestructive readout of the cell state. Moreover,
the signal charge swing may be relatively small,
¢ Qo » (kg T/Ej4)e, corveniertly decreasingwith
the island size. This may allow the single-electron



Fig. 15. Suggested few-electron memory cells (schematically): (a) cell with destructiv e SET readout (SET/DR O, [221]); (b)
SET-readout cell with background charge compensation, making non-destructiv e readout possible (SET/NDR O, [223]), (c)
cell with nondestructiv e FET readout which may also be usedin NOVORAM [226], and (d) a similar cell with compensation

of FET parameter variations [99].



transistor island to be scaled down to » 1 nm,
with the » 3 nm °oating gate storing just 2 to 3
electrons.

An alternativ e approac to few-electronmemo-
ries is to scaledown the genericstructure of non-
volatile memory cells[205, 206] using a nanoscale
MOSFET for readout { seeFig. 15c. As was al-
ready mentioned in Sec.?2, advanced MOSFETSs
with ultrathin silicon-on-insulator channel may be
scaled down to » 10 nm sustaining high perfor-
mance and reproducibility. Further scaling down
would lead to large random °uctuations of the
threshold voltage, that may be again corrected us-
ing a back °oating gate (Fig. 15d).

Estimates of the maximum density of the
SET/FET hybrid memories may be carried out
under the assumption that the SET islands are
fabricated by some self-aligned method, so their
size is independert of the wiring line half-pitch
F. In this casethe area of the cells showvn in
Fig. 15 is essetially independert of the island
size and ranges between 6F 2 and 8F 2, where F
is the minimum feature size of a given technol-
ogy. The cell type determines the possiblelimits
of this scaling: for the SET/DR O (Fig. 15a) it is
con ned in a narrow range around 3 nm, while
for the SET/NDR O (Fig. 15b) F may be scaled
down to » 1.5 nm (line patterning permitting).
For the FET/NDR O cells showvn in Fig. 15c,d,
the range of F doesnot have an upper bound; for
the simple cell shown in Fig. 15cthe lower bound
for F is about 5 nm, while the more complex cell
with badkground charge compensation (Fig. 15d)
can be scaleddown to F » 2 nm, i.e. to the cell
area about 30 nm?. This should allow memories
with density well beyond 10 bits/cm 2, enabling
chips with multi-terabit integration scale. These
exciting prospectsare, however, corntingent on the
developmen of nm-scalefabrication technologies.

Another problem with all the memory cells de-
scribed above is the slownessof the write/erase
operations. In fact, they rely on the processof
Fowler-Nordheim tunneling, similar to that used
in the ordinary nonvolatile, °oating-gate memories
[206]. The standard 8-to-10-nm SiO, barriers used
in such memoriesdo not changetransparency fast
enoughto allow °oating gate recharging than in
» 11 sevenif the applied electric "eld is ashigh as

Fig. 16. Tunnel barriers options: (a) usual, uniform barrier;
(b) ideal, triangular crested barrier; and (c) trila yer crested
barrier [224]. Thick horizontal lines show (schematically)
the subbands formed at large values of applied voltage, and
enabling resonant tunneling through the barrier.

» 10MV/cm, closeto the breakdown threshold. (A

reduction of the barrier thicknessor height makes
retention time too short.) Such a long write/erase
cycleis acceptablefor typical applications of °ash
memories[206], but is too long to replace DRAM

in bit-addressablememories.

This problem canbe solved using special layered
("crested") barriers [224] (Fig. 16). Calculations
show [224-226]that trila yer crested barriers may
combine a 1-ns-scalewrite time with a » 10-year
retention time, at apparertly acceptable electric



“elds (about 10 MV/cm) { seeFig. 17. This gives
hope that such barriers may have extremely high
endurancenecessaryfor RAM applications. More-
over, ratio of the necessarywrite voltage (Vi) to
the highestretention voltage (Vg ) for such barriers
may be well below 3. This condition ensuresthat
the disturb e®ectson self-selectedcells are small
enoughevenin the simplest memory architectures
[226].

Fig. 17. Calculated current density j and °oating gate
recharging time constant ¢ as functions of the applied
voltage V for a uniform tunnel barrier (10 nm of SiOy,
dashed lines) and a trila yer crested barrier (5 nm of ther-
mally-gro wn and post-annealed Al ;O3 sandwiched between
two plasma-grown 2.5-nm Al layers, solid lines) [99].

Thus, if CMOS-compatible crestedbarriers are
implemented, the few-electroncells shavn in Fig.
15 may be used as random-accessmemories, re-
placing the generically unscalableDRAM. More-
over, crested barriers may enable the so-called
Nonvolatile Random Access Memory (NOVO-
RAM [224-226])with a very simple cell structure
(Fig. 15c) and architecture (Fig. 18), which may
be able to compete with DRAM and possibly
SRAM ewen at the current technology level (mini-

mum feature size F of the order of 100 nm), and
be scaleableall the way down to F » 3 nm. Some
further decreaseof F is possibleby dropping the
nonvolatilit y requiremert and organizing cell re-
fresh with period » 1 s, becausein this casethe
crestedbarrier and gate oxide may be thinned by
» 50%.

Fig. 18. Possible architecture of NOVORAM and applied
voltages necessary for: (a) WRITE 1, (b) WRITE O, and
(c) READ operations [99].

An alternative way to speedup the write/erase
operation in °oating gate memoriesis to replace
the tunnel barrier with a transistor. Suc two-
transistor (2-T) memory cellswere suggestedong
ago[227];for a while they could not compete with
DRAM becauseof the much larger cell size. The
apparert impossibility to scale DRAM much be-
low 100 nm has led to a recen revival of R&D
work in this direction, and seweral new versionsof
the 2-T memorieshave beensuggested(and some
explored experimentally):

1. Single-electrontrap with an additional gate
cortrolling the potential prole high of the ar-
ray, and readout using either a single-electron-
transistor [228], or a nanoscale MOSFET [229-
232]. Unfortunately, neither approac addresses
the problem of random badkground charge.
(Single-electron arrays, in addition, are them-
selwes sensitive to this e®ect[196, 233].) Notice
that in experiments with semiconductor single-



electron arrays the Coulomb blockade mecanism
of electron transport control coexists (and was
repeatedly confused) with the usual "eld-e®ect
mechanism. In this casewe are speakingabout the
e®ectie replacemen of the single-electron array
by an MOSFET with very thin (and hence not
very uniform) channel.

2. The authors of a recernt work [234]have made
this replacemen conscietiously, arguing that
their 2-nm thick silicon channel should have lower
parasitic source-to-drain leakage, becausequan-
tum con nemert increasedthe e®ectie bandgap.
Indeed, their MOSFETs exhibited leakagecurrent
aslow as10 '° A, suxcient to keepthe cell reten-
tion time above 100 ms, i.e., the typical DRAM
refresh time. A memory similar in structure, but
with a special\stacked" vertical FET [235]for fast
write/erase is called Phase-State Low Electron
Drive Memory, or PLEDM [236]{ seealso [237].
The channel of such a transistor incorporatesthree
horizontal silicon nitride tunnel barriers partition-
ing the channel into sewral parts connected in
series.Sud separationimprovestransport cortrol
of the channel potential (and henceof the electron
transport) by the surrounding gate; the consider-
able loss of ON current causedby these barriers
is tolerable becausethe MOSFET should only
recharge a very small capacitanceof the charging
node. Unfortunately, in suc vertical MOSFETS,
with their relatively large channel cross-section,
getting acceptably small leakage current (and
henceretention time) may be a ditcult problem.

Though the approad [234] looks very interest-
ing, | believethat the successfulmplementation of
silicon-compatible crestedbarriers [224] will make
NOVORAM, with its simple structure and small
cell area, a more promising option.

The single-and few-electronmemorieswill have
to compete not only with ead other, but with sev-
eral other prospective memory concepts.

In ferroelectric memories, information is stored
asa sign of electric polarization of a layer of a fer-
roelectric material. This polarization may be read
out either destructively (as in DRAM) or non-
destructively (e.g., if it cortrols a readout FET)
[238]. Strong features of these memoriesinclude a
simple cell structure (and, as a result, small cell
area), potential nonvolatilit y, and fast write/erase

time (somematerials have internal re-polarization
time well below 1 ns). In terms of immediate prac-
tical introduction, the complexity of ferroelectric
materials and their compatibilit y with the generic
CMOS processis the main challenge. Howewer, in
the long term, scalability of these memoriesmay
bealarger problem. With the decreasen area,the
height of the energybarrier ¢ U ¥2PsE.V separat-
ing two polarization states (where Ps is the satu-
ration polarization, E. the coercive electric “eld,
andV the ferroelectric layer volume) decreasesand
should nally becomecomparable with the ther-
mal °uctuation scalekg T, resulting in random cell
switching. For typical ferroelectric Tm parameters
Ps » 501 C/cm? and E. » 5 V/1m [206], sucd
spontaneous switching should becomerather no-
ticeable (¢ U » 300kg T) at V » 20£ 20£ 2 nm?3,
evenif Pg and E. do not degradewith size.Thus,
if no new breakthroughs are made, ferroelectric
memory cellscan hardly compete for terabit appli-
cations, which is the main promise of single- and
few-electronmemories.

In magneticmemories [238, 240], bits are stored
in the form of thin Tm magnetization. These
memories share almost all the advantages and
drawbadks of ferroelectric cells listed above (low
0/1 output signal value is an additional issue).
However, becauseof the essetially similar physics,
scaling of such cells to nanoscalemay again be a
problem. In this case,¢ U » BsH.V (where Bg »
2 T is the saturation magnetization and H, » 10
Oe the coercive magnetic "eld) drops below 300
ks T at evenlarger volume (» 30£ 30£ 10 nm3).

Memory cells based on structural phasetran-
sition include notably the \Ovonics Unied
Memory" (OUM) [241, 242].In an OUM cell, a
chalcogenide alloy (GeSbTe) is switched from a
conductive crystalline phaseto a highly-resistive
amorphous phase under the e®ectof heating by
current passedthrough a special heater. Though
the chalcogenidematerials are relatively complex,
considerableprogressin their deposition hasbeen
madein the courseof developmert of CD-RW and
DVD-RW technologies. As a result, OUM cells
with surprisingly high endurance (up to 10'3 cy-
cles) have beendemonstrated. OUM problemsin-
cluderelatively long write/erase time (reportedly,
closeto 100ns, i.e., considerablylonger than that



of DRAM). Unfortunately, | am not aware of any
published experimental data or reliable theoreti-
cal results suxcient to evaluate the dependenceof
the retention time on the storage region volume,
and thus evaluate prospects of OUM scaling into
the terabit range.

Finally, single-moleular memories may be
basedon various badkground physics. For exam-
ple, they may be just molecular implementation
of single-electronmemoriesdiscussedabove (Fig.
15). However, there is an alternativ e possibility: to
employ molecular conformation changes[159, 163,
315]. In this casethe molecule has internal bista-
bility that manifests itself as a hysteretic region
on the molecule as a two-terminal device. Very
recertly, this approac allowed the rst demon-
stration of an 8£ 8 memory matrix, whereead bit
was stored in a state of many similar molecules,
sandwided in parallel between two crossing 40-
nm metallic wires [245]. Sincethe technical details
of this work have not yet been published, it is
too early to evaluate the possiblespeed,retention
time, and reliability of sudh memory cells. How-
ever, | will discussthis generalapproach more in
Sec.4 below.

3.10. Electrostatic data storage

A combination of single-electrontransistors with
crested barriers may be usednot only in terabit-
scale memories, but also in ultra-dense electro-
static data storage systems [224] { seeFig. 19.
In this \ESTOR" design,a single-electrontransis-
tor, followed by a MOSFET amplier, a few mi-
crons apart, would be fabricated on a tip-shaped
chip playing the role of a READ/WRITE head.
The data bits are stored as few-electron charge
trappedin a group of hanoscaleconducting grains
deposited on top of a crestedtunnel barrier. It is
important that since ead bit is stored in a few
(» 10) grains, their exact shape and location are
not important, sothe storagemedium production
doesnot require any nanofabrication.

WRITE is performed by the application of the
same voltage Vyy to both input terminals, rela-
tive to the conducting ground layer of the moving
substrate. The resulting electric "eld of the tip in-

Fig. 19. Prop osed electrostatic data storage system (\ES-
TOR") with hybrid SET/FET readout [224].

ducesrapid tunneling of electronsfrom the ground
through the crested barrier into a » 30-nm-wide
group of grains. For READ, the single-electron
transistor is activated by source-drain voltage
2Vr , V. In this state it is very sensitive to
the electric "eld created by the group of charged
grainsit is being °own above.

Simple estimatesshow that with a 20-nmtip-to-
substrate distance (close to those already imple-
mented in the best present-day magnetic storage
systems), the electrostatic system is capable of a
density » 3 Terabits per squareinch, i.e. at leastan
order of magnitude than the best prospectsfor the
magnetic competition of which | am aware. The
use of crested barriers may provide a very broad
bandwidth of both WRITE and READ operations,
up to 1 Gbps per channel, possibly quite adequate
even for this enormousbit density.

Notice that for this particular application the
dizculties of fabrication of room-temperature
single-electrontransistors, outlined above, are not
a major concern,becauseone would needjust one
(or a few) transistors per system, and slow fabri-
cation techniques (lik e the scanningprobe oxida-
tion) may be acceptable.Moreover, like in single-
electron memories, the transistor would work as
an analog ampli er, so that the single-electron
island sizeof » 3 nm would be suzcient.

Recern experimerts [246] may be consideredas
the “rst step toward the implementation of this
idea.



3.11. Logic circuits

Most suggestions of logic circuits based on
single-electrondevicesmay be referred to one of
two groups.

1). In circuits of the “rst, \voltage state" group,
single-electrontransistors are usedin CMOS-like
circuits. This meansthat the single-electroncharg-
ing e®ectsare con ned to the interior of the tran-
sistor, while externally it looks like the usual elec-
tronic device switching persisting currents, with
binary unity/zero preseried with high/lo w dc volt-
agelevels (physically not quantized). This concept
simpli es the circuit designwhich may ignore all
the single-electronphysics particulars, exceptthe
speci ¢ dependenceof the drain current | on the
drain-to-source voltage V and gate-to-sourcevolt-
ageVy - seeFigs. 9 and 10.

Analyses of this opportunity has shown that
dueto the speci ¢ shape of this dependence(oscil-
lating transconductance),both resistively-coupled
[124]and capacitively-coupled[247]single-electron
transistors allow a very simple implemertation of
CMOS-typeinverters, without aneedfor twotypes
of transistors (like n-MOSFETs and p-MOSFETSs
in the standard CMOS technology). On the other
hand, peculiarities of functions I (V, Vy) makesthe
exact copying of CMOS circuits impossible,and in
order to get substartial parameter margins, even
simple logic gates have to be re-designed. Such
circuits (Fig. 20) may operate well within a rela-
tively wide window of parametersR, C, and Vpp
[248,249].Even after sudch optimization, the range
of their operation with acceptablebit error rate
shrinking under the e®ectof thermal °uctuations
as soon as their scalekg Treades approximately
0.01E,. (For other suggestedversionsof the volt-
age state logic [247, 250], the temperature range
apparertly is even narrower). The maximum tem-
perature may be somewhatincreasedby replacing
the usual single-island single-electron transistors
with more complex deviceswith 1D-array \c han-
nels" and distributed gate capacitances [251].
Howewer, this would increasethe total transistor
area, at the given minimum feature size.

A disadvantage of voltage state circuits is that
neither of the transistors in eadh complemenary

Fig. 20. Basic gates of the complementary SET logic family
using capacitiv ely-coupled single-electron transistors [249]:
(a) inverter; (b) XOR, and (c) NOR/NAND.

pair is closedtoo well, sothat the static leakage
current in thesecircuits is fairly substartial, of the
order of 10' “e/ RC [248].The corresponding static
power consumptionis negligiblefor relatively large
devicesoperating at helium temperatures. How-
ewer, at the prospective room-temperature oper-
ation this power becomeson the order of 10 7
Watt per transistor. Though apparertly low, for
the hypothetical circuits which would be dense
enough (> 10" transistors per cm?) to challenge
the prospective CMOS technology, this number
givesan unacceptablestatic power dissipation den-
sity (> 10 kW/cm ?).

2) The power dissipation problem may be
avoided, to a large extent, by using\char ge state"
logic circuits in which single bits of information
are preserted by the presence/absenceof single



electronsat certain conducting islandsthroughout
the whole circuit. In this casethe static currents
and power virtually vanish. This approach has
been explored theoretically since 1987 [252], and
seweral few families of charge state logic circuits
have beensuggestedand analyzed[139, 140, 253-
283]. In most suggestions,an electron is con ned
in a cell consisting of one or a few islands, while
the logic switching is achieved via electrostatic (or
spin [259,264,271]) coupling of the cells. Another
classi cation of singleelectronlogicsmay be based
on where they take the energy necessaryfor logic
operations: from dc power supply [252, 261, 269],
ac power supply (also playing the role of global
clock) [138, 140, 260, 262, 263, 274, 278-283],0r
just from the energyof an external signal[254-259,
265,267,271,272].1°

Only afew of theseconceptshave beenanalyzed
in detail, especially at "nite temperatures. To my
knowledge,the most robust charge-statelogic cir-
cuits suggestedtill now are those based on the
single-electron parametrons (see Sec. 3.5 above).
Figure 21 shows a possibleshift register basedon
the parametrons [139]. The direction of the shift
of the cenrtral island of ead) next deviceis shifted
by 43 within the yz plane. The circuit is driven
by electric "eld E ((t) rotating in the sameplane
and providing the periodic switching on the SET
parametrons,with an appropriate phaseshift. As a
result, eadh digital bit (one perthree cells)is being
shifted by 3 cellsalongthe structure ead clock pe-
riod. Majority logic gates, suxcient for arbitrary
logic circuits, may beimplemented in the sameway

10The last category includes the so-called Quantum (or
Quantum-dot) Cellular Automata (QCA) basedon ground
state computing. This concept had been contro versial from
the very beginning [260, 270-272], becauseit leads to the
problem of system trapping for exponentially large (read
innite) time in intermediate metastable states { for a de-
tailed discussion, see the recent publications [282, 283].
Eventually the concept was repudiated by its authors { see
the intro duction section in Ref. 141. The second variety
of logics based on similar cells (\adiabatic" or \clo cked"
QCA) [263] is very closeto single-electron parametron cir-
cuits (that had been suggested earlier [139]), besides that
the QCA cells have a more complex structure and as a
result lower speed and narrower parameter margins [282,
283].

[140]. Geometric modeling and numerical simula-
tion of thesecircuits within the framework of the
orthodox theory have shown that they may oper-
ate correctly within approximately 8§ 20% devia-
tions from the optimal clock amplitude. Estimates
shaw that the maximum operation temperature of
theselogic circuits is of the order of that of voltage
mode circuits, i.e. of the order of 0.01E./ kg, if the
bit error rate is in the practically acceptablerange
(below » 101 29).

A new, potentially useful feature of the charge
state logics is the natural internal memory of
their \logic gates" (more proper terms are \ nite-
state cells" or \timed gates"), thus combining the
functions of the combinational logic gates and
latches. This feature makes natural the imple-
mentation of deeply pipelined (\systolic") and
cellular automata architectures. The bad side of
this advantage is the lack of an e®ective meansof
transferring a signal over large distances:crudely
speaking, this technology does not allow passive
wires, just shift registers.

3) Within the framework of our classi cation,
the so-calledphase-male logic [284-287]should be
placedin a separatecategory, becausdan thesecir-
cuits the information-k eeping cell are coupled by
rf signals, carrying the binary information coded
by either of two possible values of the rf signal
phase.The elemenary cell of this logic is essen-
tially a relaxation oscillator generating SET os-
cillations with frequencyfset = 1/e [123, 286],
phase locked by an external referencewith fre-
quency 2f s 1. Such \subharmonic" phaselocking
allows two possible phasesof oscillations, which
di®er by ¥; the oscillation state with ead phase
has exactly the sameamplitude and is locally sta-
ble, i.e. can be usedto code a single bit of in-
formation. Moreover, the oscillator can imposeits
phaseupon a similar, adjacert oscillator that had
beenturned o®temporarily (e.g., by turning o®its
power supply current 1), and is now being turned
on. Thus information may be transferred along a
row of oscillators, working as a shift register, very
much similar to that consisting of single-electron
parametrons { seeFig. 21. Majority gatescan be
organized similarly, enabling the implementation
of arbitrary logic functions.

A theoretical advantage of this logic family is



Fig. 21. A shift register based on single-electron
parametrons.

the potential insensitivity of its cells to the ran-
dom badkground charges,if a resistor with quasi-
contin uous chargetransfer is usedfor the insertion
of dc current I . Unfortunately, aswasdiscussedn
Sec.3.7 above, the known implemenrtations leadto
very large sizeof such resistors,making the imple-
mentation of practical (room-temperature) phase-
mode logic circuits hardly feasible.

Unfortunately, all the single-electronlogic cir-
cuits discussedabove facetwo crucial problems:

(i) In order to ensure an acceptable bit error
rate, they require single-electronislandswith very
high electron addition energy of the order of 100
ks T. For room temperature operation, this means
the island sizebelow 1 nm (Fig. 13). At the same
time, parameter margins of these devicesare not
very high (» 20% or lower). This meansthat the
critical dimension cortrol (on 3%level) should be
of the order of 0.1 nm , i.e., even more tough than
for nanoFETSs.

(i) Traditional logic circuit architectures (e.g.,
microprocessorsdigital signal processorsgtc.) do
not allow a straightforward determination and ex-

clusion of faulty logic gates. This is why the ef-
fect of random badkground charge (Sec.3.7 above)
cannot be circumvented as simply asin memories
(Sec.3.9).

4, CMOL: Devices, circuits and
arc hitectures

4.1. The concept

The hard challenges faced by both sub-10-
nm "eld-e®ect transistors and room-temperature
single-electronlogic circuits make me believe that
the only chanceof breakthrough beyond the 10-nm
frontier is the complete change of the integrated
circuit paradigm. The approad | am advocating is
the transfer to \CMOL" hybrid circuits combining
CMOS componerts and molecular (e.g., single-
electron) devices, interconnected by nanowires
(Fig. 22) [292].1*

The lower level is occupied by a CMOS stad.
The transistor density of this sub-systemcellsmay
be relatively low, of the order of 108 cm?. (The
implemertation of this density would require the
45-nm-nade technology, which should be commer-
cially available by the end of this decade[1].) Ver-
tical plugs connectthe CMOS circuit to I/O pins
(including those providing power supply for the
whole circuit), CMOS wiring, and the next circuit
level, occupied by nanowiring.

In order to sustain the necessarydensity of
molecular devices,thesewires should be extremely
narrow (a few-nm half-pitch). Simultaneously, the
wire resistanceper unit length should be not too
high, belowv » 10 M-/ *m, to sustain relatively
high operation speed. Becauseof this, as well as
the necessarychemical compatibilit y with molec-
ular devices of the top level, | prefer to think
about explicitly patterned gold wires rather than
molecular-wire options. Of course, patterning
with this resolution is very challenging; howewer,
a CMOL circuit would usejust a few (say, two)
layers of uniform, parallel, nanowire setsin two

11 The hybrid approach makesCMOL rather di®erent from
seweral earlier concepts of molecular electronics circuits -
see, e.g., Ref. 289.



Fig. 22. General concept of CMOL
owire/MOLecular hybrid) circuit.

(CMOS/nan-

mutually perpendicular directions. Such a sim-
ple line pattern doesnot require nanometer-scale
level alignment, and may be formed, e.g., by
nanoimprinting [290]. (Seealso Chapter 3 of this
collection.)

Finally, the nanowire layers are connected by
self-asserhling moleculardeviceshaving the small-
estindividual footprint and hence,the highestpos-
sibly density. With the 3-nm nanowire half-pitch
(closeto the limit imposedby wire-to-wire tunnel-
ing, seeSec.2.4above), the density of activemolec-
ular componerts would exceed3£ 10'? functions
per cm?. (Just for comparison, Encyclopedia Bri-
tannica contains about 10* bits of information.)

| believe that the advantage of the CMOL ap-
proac is that if allows an optimum combination

of strengths of its componerts: robust and uni-
versal CMOS circuits may take care of the func-
tions requiring high reliabilit y, high voltage gain
and high ON currents, in particular signaling over
long (1-cm-scale) distances, as well as I/0 func-
tions. On the other hand the molecular devices
will sustainsimplefunctions requiring highestinte-
gration scale.But mostimportantly, self-asserbly
of molecular devicesmay allow to keep the total
fabrication costsof CMOL chip comparable with
today's industrial level, thus avoiding the largest
threat to the Moore-Law progress.

4.2. Defect-tolerant architectures

Even iffwhen VLSI CMOL circuits are suc-
cessfullyimplemerted, the yield of self-asserbled
molecular devices will hardly approach 100%.
Moreover, as was discussedin previous sections,
a-few-nm-scaledeviceswill always be sensitive to
random charged impurities, regardless whether
they useFET-lik e or SET-like physicsfor electron
transport cortrol. Hence the CMOL approact
requires defect-tolerant architectures that would
allow to either tolerate or exclude bad devices.
The most evidert opportunity here is to usethe
molecular level as massive embedded memory for
CMOS-based circuits [291, 308]. (Sewral indus-
trial groups are already working in this direction
{ see,e.qg., Ref. 245.) For more advanced circuits,
there are seweral opportunities, *> and | will de-
scribe just one of them, which is the focus of the
recent work of our Stony Brook group [292-294,
316].

It is well known that neuromorphic networks
[295-302]that mimic the basic functions of the
cerebral cortex [303, 304] may be used for ex-
tremely ezxcient information processing.For ex-
ample, the human brain can carry out an almost
perfect recognition of a visual image in approxi-
mately 100 milliseconds,i.e., in just » 30 elemen-
tary \tic ks" (neural spike durations) of the cor-
tical circuitry. For comparison, the best modern
microprocessor,using the best software available,

12 For example, an interesting idea of defect-tolerant dig-
ital computing based on look-up-tables (essertially , large
memories) is discussedin Ref. 310.



can perform a lessreliable recognition on the scale
of minutes, i.e. in » 10'? of its 1-ns-scaleltic ks"
(clock periods).

The implementation of this advantage in arti -
cial systemsmay require, howewver, VLSI circuits
with the number of active componerts compara-
ble with that in the cerebralcortex. The number of
neural cellsin mammal's cortex (» 10'° [303,304])
is not overwhelming, but they feature a very large
connectivity : ead cellis directly connected,on the
average,to M » 10* other cells. Each connection
is served by an active device,the synapse.Thusthe
number of active functions in the cerebralcortex is
of the order of 10*, and only molecular nanoelec-
tronics givesthe rst hope for the fabrication of
comparable structures on acceptable scale of cir-
cuit size,power dissipationand (yes,Virginia!) fab-
rication costs. Within the CMOL approacd (Fig.
22), CMOS may take care of functions of neural
cell bodies (\somas"), but synapsesshould be im-
plemerted using more densemolecular devices.

Fig. 23. (@) The simplest three-terminal single-electron
latching switch and (b) its circuit notation.

Figure 23a shows the three-terminal version
[294] of earlier suggested[292] device that is a
simple combination of the single-electrontransis-
tor and the trap, working together as a \latc hing

Fig. 24. DC | j V curve of the latching switch, calculated
using the \ortho dox" theory [292]. For the three-terminal
switch (Fig. 23), the e®ective applied voltage is Vj + V.

switch". ¥ The device consists of three small is-
lands connected by four tunnel junctions. Island
1, together with input and output wires serving
as sourceand drain, forms a single-electrontran-
sistor. Islands 2 and 3 form a single-electrontrap
(cf. Fig. 11a), with trapping island 3 capacitively
coupledto the SET island 1, thus playing the role
of a single-electron °oating gate. If the e®ective
voltageV ~ V; + Vi applied to the deviceis low,
the trap in equilibrium has no extra electrons
and its total electric charge is zero. As a result,
the transistor remains in the Coulomb blockade
state, and input and output wires are essetially
disconnected.If V is increasedbeyond a certain
threshold Vi,j (which should be lower than the
Coulomb blockade threshold voltage V; of the
transistor), one electron is injected into the trap.
In this charge state the Coulomb blockade in the
transistor is lifted, keepingthe wires connectedat
any V. Howevwer, if the node activity (voltage V) is
low for a long time, either thermal °uctuations or

13 Notice also that island 2 is not really necessaryand may
be replaced by a thic ker tunnel barrier { seethe discussion
in the end of Section 3.4. The device so modied is es-
sertially a three-terminal version of a four-terminal device
that had been discussed qualitativ ely in Ref. 310. Earlier
suggestions to use single-electron devices in neuromorphic
networks [305, 309-311] focused on the implementations of
the somatic functions that should be, in my opinion, left
for more robust CMOS circuits.



co-tunneling evertually kick the trapped electron
out of the trap and the transistor closes,discon-
necting the wires. Figure 24 shaws typical results
of numerical simulation of the latching switch dy-
namics with a perfect badground charge of the
SET island (it may be adjusted by voltage applied
to an additional global gate).*

Figure 25 shows the possible molecular imple-
mentation of the three-terminal latching switch
[294]. The role of single-electronisland is played
by diimide groups well known for their acceptor
properties (see,e.g., Ref. 306); OPE bridges [307]
are used as tunnel junctions, while thiol groups
play the role of \alligator clips" that should allow
the moleculeto self-asserhle from solution on gold
nanowires [308].

Fig. 25. Possible molecular implementation of the latching
switch shown in Fig. 23 [294].

We have showvn [294] that a group of four de-
vices shown in Fig. 23a may implement a \Heb-
bian" synaptic function: the net synaptic weight is

14 These simulations were based on the \ortho dox" theory
of single-electron tunneling [115]. Though this theory gives
a good qualitativ e guide to properties of even molecular-
size single-electron devices, their serious quantitativ e the-
ory should be based on ab initio calculations of molecular
orbitals { see, e.g., Refs. [181-186] and Chapter 6 of this
collection and the transp ort theory taking into account the
electron state discreteness [142-144].

Fig. 26. Structure of a distributed crossbar network (Cross-
Net), with the synaptic and somatic (gray) plaquettes.

strengthened when the post-synaptic activity im-
mediately follows the pre-synaptic activity [295-
302].

Figures 26 and 27 show the general structure,
and two most promising speciesof the so-called
distributed crossbararrays for neuromorphic net-
works (\CrossNets") basedon suc synapseq293].
In eadh CrossNet, somatic cell interfaces (gray
cells) are embedded sparsely into a 2D array of
synaptic plaguettes, eadr containing 8 synapses
(each synapseis a group of 4 latching switches).1®
As a result, eath somatic cell is hard-wired to a
large number, 4M; of other somas,with the bi-
nary synaptic weights controlling which of these
connections are currently active. Vice versa, the
signal activity of the network determineswhether
the synapsesare open or closed,though the state
of any particular synapseis alsoa®ectedby the un-
derlying randomnessof single-electrontunneling.

In InBar (which currently looks like the most
promising CrossNet option), the gray cells sit on
a squarelattice inclined (hencethe name) relative

15 The CMOS-implemen ted somatic cell itself may be much
larger than the synaptic plaquette, occupying all the chip
area between two adjacent gray cells.



Fig. 27. Two CrossNet architectures: (a) InBar and (b) RandBar. M is the connectivity parameter. For the plaquette

notation, seeFig. 26.

to the synaptic plaquette array. The incline angle
® determinesthe network connectivity parameter:
M = 1=tan?®. As can be seenfrom Figs. 26 and
27,the total \Manhattan" (dendritic plus axonic)
distance betweenead pair of coupled cellsin In-

Bar, measuredin synaptic plaquettes, is the same
and equalsto M. On the other hand, in RandBar
the gray cell terminals are distributed randomly.
This createsthe Poissoniandistribution of intercell
distances,so that there is a small amourt of very
long interconnects. We seethat this property cre-
ates somedi®erencen network dynamics, but are
still not surewhether this di®erences substartial

for information processing.

Our collaboration is currently working on the
molecular implemertation of CrossNet synapses
and, in parallel, on numerical simulation of limited
fragmerts of these networks on usual supercom-
puters, trying to train them to perform various
functions. The important rule of this gameis that,
like in the future hardware implementations, the
external tutor system has accessonly to (sparse)
somatic cells, rather that to individual synap-
tic weights. This restriction, as well as deeply-
recurrent nature of CrossNetsand the statistical
character of single-electronsynaptic weights, does
not allow for the straightforward use of the well-
known methods of neuromorphic network training
[295-302].Howewer, we have already succeededo
demonstrate [316] that in spite of these restric-

tions, as well as quasi-local coupling of somatic
cells(nite M), CrossNetswith Hebbian synapses
may operate rather well as Hop eld networks.

(Figure 28 shaws the example of black-and-white

image recognition in this mode.)

For more advanced applications, such as pat-
tern classi cation and feature detection, the
cortinuous-made training is necessary Very re-
cently, we suggested316]a way for suc training,
using chaotic self-excitation of CrossNetsat large
values of somatic ampli er gain. If these expec-
tations are con rmed, CrossNets may work as
pattern classi ers with very impressive charac-
teristics. Estimates shav [292] that at the neural
cell connectivity 4M = 10* (comparablewith that
of the human cerebral cortex) and a nanowiring
half-pitch of 3 nm, the neural cell density may be
ashigh as10’ cmi 2. The estimated time of signal
propagation betweenthe neural cells of the order
of 20 ns, at high but acceptablepower dissipation
(100W/cm?). This speedis approximately 6 orders
of magnitude higher than that in biological neural
networks. It is expected that the introduction of
such circuits will create a new electronic market
comparable,if not larger than the PC market.

This successwould pave the way toward much
more ambitious goals. It seemscompletely plau-
sible that a cerebral-cortex-scaleCrossNet-based
system (with » 10'° neuronsand » 10'* synapses,
that would require » 30£30 cm? silicon sub-



Fig. 28. The processof recall of one of three trained black-and-white images by an InBar-t ype CrossNet with 256£ 256 neural
cells and connectivit y parameter M = 64. The initial image (left panel) was obtained from the trained image (identical to

the one shown in the right panel) by °ipping 40% of randomly selected pixels. ¢o = MR Cp .

RCy is the e®ective time

constant of intercell interaction. (Cy is the dendrite wire capacitance per one synaptic plaquette.) [294].

Fig. 29. (a) Possible hierarchical organization of a
large-scale, CrossBar-based information system and (b) a
simple scheme for incorp oration of InBar matrices into the
system fast (though relativ ely rare) communications of dis-
tant neural cells [294].

strate) 16 would be able, after a period of initial

16 Such large-scale system would require a hierarchical or-
ganization (Fig. 29a) involving at least the means for fast
signal transfer over long distances. Fortunately , for the
InBar-t ype CrossNet with its regular location of somatic
cell interfaces, such communication is easyto organize (Fig.
29b).

training by a dedicated external tutor (Fig. 29a),
to learn directly from its interaction with envi-
ronment. In this caseone can speak of a \self-
ewlving" system.

If these expectations are con rmed, we may be
able to revisit the initial dream of the neural net-
work scienceof providing hardware meansfor re-
producing the natural ewlution of the neocortex
on a much faster time scale. Such ewlution may
leadto self-dewelopmen of such advancedfeatures
as system self-avareness(consciousnesshnd rea-
soning. If a substartial successalong these lines
materializes, it will have a strong impact not on
the information technology, but alsoon the scciety
asa whole.

5. Conclusions

| beliewe that the following main conclusions
may be drawn from the materials presered in this
chapter:

(i) Physicsallows scaling of the silicon FETSs, in
their advanced (ultra-thin-c hannel, double-gate)
form, to approximately 10 nm gate length, with-
out an essetial lossof performance.Further scal-
ing, all way down to » 5-nm-long channels,is also
physically possible,but leadsto an extremely high
sensitivity of transistor characteristics (in particu-



lar its gate threshold voltage V;) to minute varia-
tions of geometricdimensions.This sensitivity will
probably lead to unacceptablecost of fabrication
facilities and, asaresult, to the necessiy of trans-
fer to alternativ e electron devicesin order to con-
tinue the Moore-Law-type exponertial progress.

(i) Sofar there is no single universal electronic
device capable of replacing silicon FETs when
their scaling down runs out of steam. The most
natural candidates, single electron transistors,
have the advantage of being remarkably material-
insensitive, but su®er(as essetially all nanoscale
devices)from low voltage gain and high sensitiv-
ity to single charge impurities in the dielectric
environment of their islands. Nevertheless,there
is a hope that advanced lithography may reach
the level necessaryfor the fabrication of hybrid
SET/FET memories. The major competition to
this concept may come from NOVORAM memo-
ries basedon crested tunnel barriers and 2T-cell
memories,both using nanoscaleFETs with ultra-
thin channels.

(iif) For more advancedapplications, the intro-
duction of \CMOL" circuits, conmbining a CMOS
stack, a few nanowiring layers, and a subsystem
of molecular devices self-asserbled on the wires
seemsaunavoidable. If this conceptis developedand
implemenrted within the following 10to 15years,it
will prevent the impending crisis of the exponen-
tial, Moore-Law-type progressof microelectronics,
and extend this progressto virtually atomic di-
mensions.

(iv) The rst application of the CMOL concept
could be in the dedicated ultra-dense memory
chips, as well as digital microprocessorswith the
molecular sub-system working as an embedded
memory. However, CMOL circuits are the very
natural hardware for the implementation of much
more sophisticated architectures, in particular
neuromorphic networks performing suc advanced
functions as pattern classi cation and feature
detection, and possibly other human brain func-
tions, at much higher speed. If such systemsare
evertually dewveloped, the technological and sccial
consequence®f their practical introduction may
be extremely signi cant.
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