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Abstract—In this paper we discuss the limits of the semi- macroscopically by the equation:

classical models used till now in solid state physics to de- g

scribe electronic devices. In particular it is pointed out that G=c2 1)
guantities such as, for example, mobility, diffusion and char- L

acteristic conductivity of materials are obtained throughthe  \vherec is the issued conductanceis the characteristic
average.c’f a h.'gh ”“”.‘ber of events. However, in most nano- conductivity of the material and and L are respectively
electronic devices a single or few quantum events count and . i L

the cross-section and the length of the wire. Considering

therefore these semiclassical models must be considered not s ; ) :
applicable anymore. now nanometric dimensions, some questions rise: what

After an overview of the main quantum effects for circuits hng)?ens i th? sgctlon of the W|re.a.pproaches nanome’Frlc
reported in literature, we give a draft of some simple and  SIZ€” And which is the range of validity of the macroscopic

reliable theories that have been developed to explain these quantityo, that represents the conductivity of a material?

effects and that can be a starting point in order to build ba- More in general, is this equation able to represent satisfy-

sic models for novel nanodevices. Then, we describe someingly the behavior of a nanoscale conductor?

devices that attempt to eXpIOit these effects and aim to over- In a similar way, in semiconductor dEViceS, referring to

come the limits that seem to affect the future of CMOS tech- ¢ qyift-diffusion equations used to describe the transport

nology. : : :

. _ _ of carriers, we could make the same considerations about
In relation to these novel devices, also new signal pro- o antities such as mobility of the carriers and diffusiv-

cessing and system architecture paradigms are being inves- ity D. Indeed these quantities, obtained through accurate

tigated. For this reason, we will discuss some issues re- . )

lated to the neural paradigm that, as is claimed by many measurements, are the result of the averaging ofhlgh num-

research groups, seems to fully exploit the low-power and Per of events and thus they will need some reconsidera-

high-density integration possibilities offered by nanoelec- tion [2], [3].

tronic devices and seems to cope with their many sources In the next paragraph we will describe some experi-

of uncertainty. ments that show how the classic view of these quanti-
ties is not satisfying for the modeling of the behavior of
nanoscale devices. To demonstrate this, we will take as an

I. INTRODUCTION example the experiments on the Quantized Conductance
_ _ o _ effect.
The semiclassical drift-diffusion models used till now
to describe transport of carriers in electronic circuits were 1l. QUANTUM EFFECTS SOME EXPERIMENTS

mostly obtained through averaging of a high number of Te first experiments which reported a quantization of
microscopic events [1]. This allowed the physicists anghe conductance were performed in the late 80's almost
electronic engineers to deal with more handy macroscog{gmemporar”y by two research groups [4], [5]. Both
quantities. However, due to the shrinking of the dimengyoups used a similar experimental apparatus that allowed

sions of the devices, a few or even one event determifigem to build and measure the electrical behavior of a
the behavior of the device (i.e. Single Electron Transigyyantum Point Contact (QPC).

tors). Therefore, the quantum mechanical nature of matterp QPC is a mesoscopic object, on a scale between the
is starting to request his attention and these models ne@@croscopic world of classical mechanics and the micro-
coherent extensions. scopic world of atoms and molecules, that has dimen-
Let's consider, for example, the conductance of aions comparable to the wavelength of the electrons pass-
generic wire. According to Ohm'’s laws, it can be describeithg through the contact. Because of the fact that the wave-
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length of the Fermi electrons in a semiconductor is hun-
dred times larger than in metals, it is easier to build a QPC
in semiconductors than in metals. It is for this reason that
a GaAs-AlGaAs heterojunction was used in these experi-
ments.

The junction has, close to its interface, a two-
dimensional electron gas that can be controlled through a
top-gated architecture (fig. 1). The top gate is split in two
parts that are separated by a small space. Applying a nega-

CONDUCTANCE |'3('I_-".|":-

GATE VOLTAGE (volis)

Fig. 2. Conductance quantization of the QPC. As the gate volt-
age becomes less negative, the constriction widens continuously
but the conductance shows discrete steps. The steps disappear
Fig. 1. Schematic view of a Quantum Point Contact. The extewhen the thermal energy becomes comparable to the energy sep-
nal contacts are reservoirs of electrons in local equilibrium thagration of the modes.

can be used to induce a current.

Ill. THEORETICAL BACKGROUND FOR NEW MODELS

tive voltage to the top gate, itis possible to_dt_eple_te the eIeC'The first approach to the view of conductance as trans-
trons below the gate and create a constriction in the elec-

: - mission was put forward by Landauer in 1957 [10]. How-
tron gas. The width of the constriction can be controlled bé/ put y Landauerir [ .]
. ver, for a long time, the real implications of this paper
the voltage on the gate. The more negative is the voltage .

: I L here almost ignored. After more than twenty years, the
the smaller will be the constriction. If the constriction has. L ;
. : : view of conductance as transmission capacity was pro-
dimensions comparable with the wavelength of the Fermi . e

. . . ?sed again by Anderson et al. [11]. This time the de-
electrons in the electron gas, it realizes a Quantum Poin

) ate received more attention and stimulated further discus-
Contact. Thus, applying a small voltage to the contactsons [12], [13]

o o S
placed at opposite sites of the QPC, a current is mduceé.According to Landauer's viewpoint, the conductance

Measuring this current, the conductance of the QPC can - )
. i was originally expressed as:

be analyzed. In both the experiments mentioned above,

the conductance was found to be quantized in integer units B 2%t

of Gy = 2¢2/h, wheree is the charge of the electron and G= h 1—¢

h is the Planck’s constant (fig. 2). wheret is the transmission . .
probability. However it was un-
After these first experiments, the quantization of thgerlined by Imry [14] that this formula was giving infinite
conductance was obtained in plenty of further experionductance fot equal to unity because was not taking
ments, also involving metals [6], [7] and Carbon Naniig account the finite conductance of the contacts. Thus,

otubes [8] at room temperature . Some of these expeffe formula widely used in the following papers became:
ments were even relatively simple [9].

(@)

2
After the discovery of this phenomenon, it was clear G = 2e” t (3)

that the classic definition of the conductance as the capac- h

ity of carrying current in response to an electric field walf the transmission coefficieritis equal tol the conduc-

not satisfying in describing the QPC. A different view wagdance is equal t@7,. Equation 3 is able to explain the
necessary in order to include the quantum nature of majuantization of the conductance reported in the experi-
ter. In the next paragraph we will describe in general linements. Furthermore, thanks to this approach, the QPC can
what brought the researchers to the view of conductanbe modeled as a electron waveguide. Thus, exactly as in a
as transmission. microwave waveguide, there will be only a finite, integer
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number of propagating modes associated to discrete avherem is the mass of the electron. In [9] it is how as-
ergy levels. Using quantum physics calculations it can imed that the numbé¥ of contributing electrons can be
shown that the conductanég can be associated to eachassociated to a range of velocitiés. Moreover, for the
propagating mode and the total conductance of a QPC witlegeneracy of electrons every velocity will have two asso-

N propagating modes can be expressed as: ciated electrons. Thus, using equation 9, we can write:
2¢? 2LmA
G = N% (4) N = 772 e (10)

The rigorous demonstration of this result involves thﬁemembering that the kinetic energy s — m2v2, the

quantum physic concepts of density of states and group \&zrease of kinetic energy for the electrons that contribute

locity and is not easily comprehensible for a person with, the conduction, neglecting the second order terms, will
an electronic engineering background. Moreover, it is Ngf,.

useful to our purposes. AK = muAov (11)
A simpler explanation that mixes basic quantum physics

eqguations and classical electronic equations has been paad using equation 11 in equation 10 we obtain:

posed [9]. This approach can be, in our opinion, a useful

compromise in order to describe the mesoscopic features N =

of the QPC from a electronic engineering viewpoint. Here vh

we give a draft of the steps that bring to the desired resultina|ly, substituting equation 12 in equation 7 and remem-
The current in a one-dimensional wire can be expressggying that, for the principle of conservation of energy,

12)

as: v AK = AU, we obtain:
I =Ne— (5)
L 262
whereN is the number of contributing electronsis their G=-- (13)

average velocity and is the length of the wire. Then, re-

membering that the conductanGsds the currenf divided that is the value that we expected. Then, for every propa-

by the voltagd/, we can write: gating mode, the conductance will B and, every time
the variation of the dimension of a QPC allows the propa-

(6) gation of a new mode, the conductance will increase of a

Lv step equal t@7y. Thus, the Quantized Conductance phe-

The voltageV is the drop of potential energgU of acon- homenon can be associated to a waveguide behavior and
tributing electron divided by the chargeof the electron. the electron waveguide can be seen as a transmission line

Therefore the conductance becomes: with characteristic admittandg.
It is important to notice that the wave-particle duality

2 ) . : )
_ Nev @) of electrons is used also in semiconductor devices equa-
LAU tions. Therefore, some researchers use this approach to

So, the problem of determination of the conductance réoherently incorporate novel quantum effects in the semi-
duces to the problem of determination of the number &#assical equations [15], [16].

electrons contributing to the current in a one-dimensional In conclusion, these theories can be a useful starting
wire of lengthL when the difference of potential energyP0int in order to build the models that will be necessary
from end to end iSAU. To determine this number, we 0 describe and simulate emerging nanoscale devices. In
must use some simple quantum mechanics equations @gler to give an idea, we will describe shortly some novel
sociated to the theory of a particle in a box. Accordin§evices which make use of Quantized Conductance.

to De Broglie equations, in a box of finite lengththe
wavelengths of the electrons can only assume the discrete

G:Nev

G

IV. SOME CIRCUIT APPLICATIONS

values: In the last decade, the exploitation of Quantized Con-
An = L (8) ductance in nanoscale devices has been investigated by
n plenty of research groups. The basic idea is to build de-
and thus the associated velocities will be: vices that can be used as electronic switches through the
nh formation and annihilation of nanometric contacts (also
Un =7 9  called nanowires).
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Smith was one of the first to report interesting rein the future, to use this approach in the manufacturing of
sults [17]. He obtained a switching behavior between tumanoscale devices [21], [22]. For this reason, novel nan-
neling and ballistic transport regimes bringing a sharpenedievices are built through bottom-up self-assembly tech-
nickel wire into contact with a gold surface. Once agaimiques. However randomness and imprecision are inher-
the conductance in the ballistic regime was found to bent features of these novel techniques and therefore, in
Gy. Since today, some other devices have been propodatye scale integration of hanodevices, the appearance of
and investigated [18], [19]. a relatively large number of defective devices will be un-

Recently, Terabe et al. [20] built and tested a quantizexoidable and permanent errors are introduced during the
conductance atomic switch. Through this device, thaypanufacturing process.
demonstrated the possibility to control the conductance of The typically low thresholds involved and the conse-
atomic bridges between metallic wires (fig. 3). Associaguent low noise tolerances characteristic of these nanode-
ing digital states to the presence of these bridges, digitétes are also sources of uncertainties. In fact, interfer-
architectures could be implemented. However, althouginces generated, for example, from thermal perturbations
or electromagnetic radiations can introduce transient errors
during operation mode.

Interconnections are also a big issue. The self-assembly
approach makes it difficult to produce precise alignment
between wires. Moreover, because of the low drive ca-
pabilities of most nanodevices, long distance interconnec-
tions must be limited to the minimum.

Actual microelectronic processing systems deal with de-
terministic quantities and devices with well-defined char-
acteristics. This is not the case in the nanolectronic world.
Because of the unavoidable uncertainties of future com-
Fig. 3. Quantized Conductance Atomic Switch. Using voltoyters built with nanodevices, new architectures and sys-
age pulses it is possible to build nanoscale bridges betyveen paradigms must be investigated. These novel archi-
:\Vércetfoigd consequently control the conductance of the INtEICORs ctures should be fault-tolerant in order to cope with the

errors and inaccuracies previously described. For this rea-
these applications are very promising, it is also shown thaon, many researchers claim that the system architectures
some important problems have to be solved before tfier nanoelectronic computers will be inspired to neural
Quantized Conductance could be fully controllable. Fagearadigms [22], [23], [24], [25], [26]. In fact, the human
example, the reproducibility of the results is one of th@eural system shows high reliability despite of the unreli-
main issues because of the strong relation of the Quantizalle and defective units it is made of and, furthermore, it
Conductance with the particular atomic arrangement.  is unsupervised and self-organizing. This reliability seems

obtained through a high level of redundancy of similar ba-
V. COMPUTING SYSTEMS AND ARCHITECTURES FOR  gjc cells and through high adaptation properties that allow

NANOELECTRONIC DEVICES compensation or inhibition of faulty cells.

At the end of the previous section we pointed out the Nanoelectronics will allow to integrate a high number of
fact that reproducibility is still a big problem even in moredevices (0'°-10'2 devices on a single die) and therefore
recent nanodevices. This is actually part of a general ig4ll allow, in principle, high levels of redundancy. More-
sue in nanoelectronics. In fact nanoelectronic systems areer, cellular neural networks and neuromorphic systems
highly unreliable because of many sources of uncertainiynplement learning and adaptation algorithms in order to
In the following we will shortly name the main ones. adapt the behavior of the network to the task at issue and to

First of all, the manufacturing process. The technologginimize errors generated by faulty cells or cells groups.
currently used to build microelectronic devices doesnThese errors can be represented through distribution of
allow, at least for now, to extend the well known andgrobabilities and expectation values. Thus the design of
widely used top-down manufacturing process to the n#ese networks will reasonably request the intense use of
noelectronic field. In particular, the litographic patternprobabilities theory and stochastic modeling. For example,
ing technigues widely used in VLSI CMOS technologyn the desing of some neural networks for nanoelectronics,
have resolutions that are not high enough for nanoelette use of Markow chains has been helpful [26].
tronic processes. Moreover it seems hardly possible, everFinally, to front the above mentioned interconnection

Conductance (2e7/h)
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problems, cellular neural networks with locally connected
cells have been proposed. That means that every cell of
the network is connected with his neighbors within a fixe
radius. These considerations explain also because, in mo%t
of the proposed neural networks for nanoelectronics, un-
supervised and local learning algorithms are preferred to
the supervised ones that request global and Iong—distaﬁ@e
interconnections.

(8]
VI. CONCLUSION

In conclusion, in this article we have shown that thég]
models used until now to describe the behavior of elec-
tronic devices cannot be considered applicable as we g1g]
ter in the nanoelectronic world. To do this we have used
as an example the experiments on the Quantized Cond G
tance effect. Then we have reported some simplifications
of quantum mechanics equations that have been proposed
and that could be useful to build circuit models for dek2]
vices which exploit this effect. These simplifications are
obtained associating the conductive channel with a elegx
tron waveguide. This approach is a starting point also for
possible extensions, in physics of semiconductor devices,
of the semiclassical drift-diffusion equations. [14]

Finally, we explained why neural paradigms seem to q§5]
the natural approach in the architectural design of future
nanocomputers. Fault-tolerance and adaptation are fasci-
nating properties for nanoelectronic circuits but the inten-
sive use of stochastic modelings will be necessary.

Further work will investigate the herewith discussed so-
lutions and will study new ones in order to reduce the big
gap still present between the manufacturing and modelifry]
of nanodevices and the design of efficient and competiti\{fg]
nanocomputers.

(19]
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