
Problem:
Problem sa Mooreovim zakonom nastaje kada minijaturizacija osnovnog 
gradivnog elementa svakog čipa (tranzistor koji služi kao električna sklopka 
u binarnoj logici (Slika 3.)) dosegne fizičke dimenzije u kojima kvantni i 
termodinamički efekti postaju značajni i u kojima se tranzistor više ne 
ponaša kao dobra električna sklopka.

Fizikalna granica u kojima tranzistor prestaje biti dobra električna sklopka 
fundamentalna je i ona zaustavlja Mooreov zakon i napredak na koji smo 
se navikli vidjeti iz mikroprocesorske industrije (Slika 4.).

Rješenje:
Kvantni celularni automati (QCA) [2,3] nude daljnju  
minijaturizaciju osnovnog gradivnog elementa u obliku 
aktivnog sklopa koji se sastoji od 4 kvantne jame i dva 
elektrona (Slika 5.).
Osnovno stanje takvog sustava dobije se rješavanjem 
Hamiltonijana (1) koji pokazuje da u osnovnom stanju 
postoje dvije moguće konfiguracije gustoće elektrona (slika 
5a., 5b.) koje kodiraju binarnu infromaciju.
Informacija, odnosno stanje u QCA ćelijama, prenosi se 
kulonskom interakcijom i između ćelija nema transporta 
elektrona (električna struja). 
Na Slici 6. prikazan je protok informacija u QCA sustavu koji 
može poslužiti kao žica i iz koje se vidi tipičan slijed 
promjene stanja koji je sličan dominu ili u ovom slučaju nano-
domino.
Na Slici 7. prikazan je QCA sustav koji izvršava osnovne 
logičke operacije

Gordon Moore jedan je od osnivača kompanije 
Intel.1965 g. Moore je uočio [1] da se svake dvije 
godine broj aktivnih elemenata na nekoj površini 
čipa udvostručuje uz istu cijenu proizvodnje čipa 
(Slika 1a. i 1b.). 

Spomenuto tehnološko-ekonomsko opažanje zove 
se Mooreov zakon.

Originalno, Moore je predvidio da će njegovo 
opažanje vrijediti najviše 10 do 15 godina, no 
inovativnost i novi dizajn elektroničkih komponenti 

produžio je trajanje Mooreovog zakona sve do danas. Produženje Mooreovog 
zakona predstavlja ustvari povijest, odnosno revoluciju tehnoloških otkrića u 
mikroelektronici i nanoelektronici do danas. 

Snaga Mooreovog zakona vidi se u Slici 2. gdje je pokazana usporedba površine 
dvaju čipova, prvi proizveden 1971 g. koji ima samo 2300 aktivna elementa, a 
drugi iz 2000 g. koji ima oko 42 000 000 aktivna elementa. (Danas tipični čip za 
PC računala ima preko 2 milijarde aktivnih elemenata u jednoj jezgri).
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Slika 1: Slika MOS tranzistora u 45nm procesu. SiGe je n-tip (D i S elektrode), silicij je p-tip,
high-k materijal je Hafnij, a metal je napravljen od aluminija (G elektroda).

Na slici 2. prikazan je Mooreov zakon u posljednjem desetljeću i neki ključni procesi (65nm,
45nm, 32nm) koji se često spominju u stručnoj i popularnoj literaturi, a ustvari označavaju
udaljenost izmedu D (drain) i S (source) elektrode.
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Slika 2: Mooreov zakon u posljednih 15 godina. Gate pitch odnosi se na udaljenost izmedu D i
S elektroda, i prema toj udaljenosti proizvodni proces ima svoje ime.

Kao moguće produljenje Mooreovog zakon, predložena je [1] upotreba celularnih automata
kvantnih točaka koji bi valjanost Mooreovog zakona produžili za još barem 20 godina. Pojam
celularnih automata prvi put se spominje u radovima Johna von Neummana [2], a koji defi-
nira mrežu medusobno interagirajućih jedinki prema nekom pravilu. Pojam kvantnih točaka
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Slika 3.
Tranzistor kao električna skopka. 
Ako je na G-elektrodi napon +V onda iz elektrode D teče struja u elektrodu S 
(otvorena pipa kao bit 1)
Ako na G-elektrodi nema napona iz D ne teče struja u S.
(zatvorena pipa kao bit 0)  

Gordon Moore 
komponenta/trosak ∼ 1
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Slika 2.
Usporedba površina dvaju procesora jednakih površina. 
Procesor 4004 je prvi Intelov komercijalni proizvod iz 1971. i ima 
2300 tranzistora. Pentium 2 iz 2000 g. ima oko 42 000 000 
tranzistora.

Slika 1.
a) Originalni Mooreov crtež iz 1965 u kojem uočava da za svaku 
tehnologiju proizvodnje integriranih krugova postoji ekonomski 
minimum troškova proizvodnje pri određenom broju aktivnih 
elemenata (tranzistora) na površini čipa.
b) Mooreov graf iz [1] u kojem su pokazani realni podaci (puna 
linija) i predviđanje (crtkana linija) za sljedećih deset godina 
počevši od 1965 g. (nastaje Mooreov zakon) 
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Slika 4.
Smanjenje veličine tranzistora u vremenu. 

Slika 5.
a) Osnovno stanje jedne QCA ćelije i elektronski oblak u konfiguraciji P =1 (bit 1)
b) Osnovno stanje jedne QCA ćelije i elektronski oblak u konfiguraciji P =-1 (bit 0)
c) Elektronska gustoća dvaju elektrona raspodijeljena na 4 kvantne  
    jame, polarizacija nije prisutna.

(a) (b) (c)

2.5 Tehnička realizacija celularnih automata kvantnih točaka.

Postoje tri najčešće eksperimantalne realizacije celularnih automata kvantih točaka.

2.5.1 Tunelirajuće metalne kvantne točke

Osnovni element kod tunelirajućih metalnih kvantnih točaka prikazan je na slici 13. Metalnu

kvantnu točku čini metalna površina izmedu elektrode S (source), D (drain) i G (gate) elektroda

koja se nalazi na dnu, a izolatorski sloj se nalazi svugdje gdje nije metal. Zbog kvantiziranosti

naboja (Q = N ·e) pažljivim povećanjem napona na G i S elektrodi moguće je postići da elektron

po elektron tunelira sa S elektrode prema metalnoj kvantnoj točci, čime se može postići da se

po volji elektron po elektron nanosi na kvantnu točku. Na spomenuti način napravljeni su prvi

demonstrirajući skolopovi [7] u kojem je prikazano da princip rada QCA funkcionira, eksperiment

je radio na temepraturi od 10 mK u magnetskom polju 1 T (da se spriječi supravodljivost

aluminija), na slici 14 prikazana je elektronska mikrografija jedne funkcionalne QCA ćelije.
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The many forms of artificial
atoms include the all-metal
atom (a), the controlled-barrier
atom (b) and the two-probe
atom, or "quantum dot" (c).
Areas shown in blue are
metallic, white areas are
insulating, and red areas are
semiconducting. The
dimensions indicated are
approximate. The inset shows
a potential similar to the one in
the controlled-barrier atom,
plotted as a function of
position at the semiconductor-
insulator interface. The
electrons must tunnel through
potential barriers caused by
the two constrictions. For
capacitance measurements
with a two-probe atom, only
the source barrier is made thin
enough for tunneling, but for
current measurements both
source and drain barriers
are thin. Figure 1

from the source to the drain, it must tunnel through the
barriers. The "pool" of electrons that accumulates be-
tween the two constrictions plays the same role that the
small particle plays in the all-metal atom, and the
potential barriers from the constrictions play the role of
the thin insulators. Because one can control the height of
these barriers by varying the voltage on the electrodes, I
call this type of artificial atom the controlled-barrier
atom. Controlled-barrier atoms in which the heights of
the two potential barriers can be varied independently
have also been fabricated.3 (The constrictions in these
devices are similar to those used for measurements of
quantized conductance in narrow channels as reported in
PHYSICS TODAY, November 1988, page 21.) In addition,
there are structures that behave like controlled-barrier
atoms but in which the barriers are caused by charged
impurities or grain boundaries.24

Figure lc shows another, much simpler type of
artificial atom. The electrons in a layer of GaAs are
sandwiched between two layers of insulating AlGa As. One
or both of these insulators acts as a tunnel barrier. If both
barriers are thin, electrons can tunnel through them, and
the structure is analogous to the single-electron transistor
without the gate. Such structures, usually called quantum
dots, have been studied extensively.56 To create the
structure, one starts with two-dimensional layers like
those in figure lb. The cylinder can be made by etching
away unwanted regions of the layer structure, or a metal
electrode on the surface, like those in figure lb, can be used
to repel electrons everywhere except in a small circular
section of GaAs. Although a gate electrode can be added to

this kind of structure, most of the experiments have been
done without one, so I call this the two-probe atom.

Charge quantization
One way to learn about natural atoms is to measure the
energy required to add or remove electrons. This is
usually done by photoelectron spectroscopy. For example,
the minimum photon energy needed to remove an electron
is the ionization potential, and the maximum energy of
photons emitted when an atom captures an electron is the
electron affinity. To learn about artificial atoms we also
measure the energy needed to add or subtract electrons.
However, we do it by measuring the current through the
artificial atom.

Figure 2 shows the current through a controlled-
barrier atom7 as a function of the voltage VK between the
gate and the atom. One obtains this plot by applying a
very small voltage between the source and drain, just large
enough to measure the tunneling conductance between
them. The results are astounding. The conductance
displays sharp resonances that are almost periodic in Vg.
By calculating the capacitance between the artificial atom
and the gate we can show2-8 that the period is the voltage
necessary to add one electron to the confined pool of
electrons. That is why we sometimes call the controlled-
barrier atom a single-electron transistor: Whereas the
transistors in your personal computer turn on only once
when many electrons are added to them, the artificial
atom turns on and off again every time a single electron is
added to it.

A simple theory, the Coulomb blockade model, ex-
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Slika 13: Metalna kvantna točka. Metalna područja plavo, izolatorska područja bijelo.

The sample is mounted on the cold finger of a dilution
refrigerator with a base temperature of 10 mK. Conductances
of the double dots and electrometers are measured using
standard ac lock-in techniques with an excitation voltage of 3
�V at 25–40 Hz. The experiment is performed in a magnetic
field of 1 T to suppress the superconductivity of Al metal at
millikelvin temperatures. The capacitance of the tunnel junc-
tions, extracted from the charging energy of the electro-
meters, is approximately 240 aF. The other lithographic and
parasitic capacitances are obtained from the Coulomb block-

ade oscillations of the double dots and electrometers. Mea-
sured capacitance parameters are used in our theoretical
simulations of the device characteristics.

III. RESULTS AND DISCUSSIONS
A. QCA operation
In order to understand the QCA operation, we need to first

consider the charging diagram of a double dot. Figure 3�a�
shows a surface plot of the conductance of the input double
dot in V1-V2 space. Each conductance peak in the charging
diagram splits due to the interdot electrostatic coupling be-
tween D1 and D2 . Different charge states of the system can
be delineated by connecting these split peaks, as demon-

FIG. 1. �a� QCA cell showing the two possible polarizations. �b� Polarization
change in the QCA cell under the influence of input gate bias.

FIG. 2. �a� Schematic diagram of the device structure. �b� Scanning electron
micrograph of the device.

FIG. 3. �a� Charging diagram of the input double dot as a function of the
gate voltages V1 and V2 . Charge configurations (n1 and n2), respectively,
which represent the number of extra electrons on D1 and D2 , are arbitrarily
chosen. �b� Smaller sections of the charging diagram in the form of a con-
tour plot.

3796 Amlani et al. : Demonstration of a functional quantum-dot cell 3796

Slika 14: Demonstracija jedne QCA ćelije.
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Slika 6.
QCA žica. Nakon što se u prvoj ćeliji 
promjeni stanje sa 0 na 1 interakcijom dolazi 
do promjene stanja u ostalim ćelijama u nizu 
(kvantni domino) nakon 5 vremenskih 
koraka.
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Slika 7.
Eksperimentalna realizacija jedne QCA ćelije.

2206 W. Porod

encode binary information. We will show that the
physical interactions between cells may be used to
realize elementary Boolean logic functions [Lent
et al., 1994; Lent & Tougaw, 1994].
Figure 10 shows examples of simple cell arrays.

In each case, the polarization of the cell at the edge
of the array is kept fixed; this is the so-called driver
cell and it is plotted with a thick border. We call it
the driver since it determines the state of the whole
array. Without a polarized driver, the cells in a
given array would be unpolarized in the absence of
a symmetry-breaking influence that would favor one
of the basis states over the other. Each figure shows
the cell polarizations corresponding to the physical
ground state configuration of the whole array.
Figure 10(a) shows that a line of cells allows

the propagation of information, thus realizing a bi-
nary wire. Note that only information but no elec-
tric current flows down the line, which results in low
power dissipation. Information can also flow around
corners, as shown in Fig. 10(b), and fan-out is pos-
sible, compare Fig. 10(c). A specific arrangement
of cells, such as the one shown in Fig. 10(d), may
be used to realize an inverter. In each case, elec-
tronic motion is confined to within a given cell, but
not between different cells. Only information, and
not charge, is allowed to propagate over the whole
array.
These quantum-dot cells are an example of

quantum-functional devices. Utilizing quantum-
mechanical effects for device operation may give rise
to new functionality. Figure 11 shows a majority
logic gate, which simply consists of an intersetion of
lines and the “device cell” is just the one in the cen-
ter. If we view three of the neighbors as inputs (kept
fixed), then the polarization of the output cell is the
one which “computes” the majority votes of the in-
puts. The figure also shows the majority logic truth
table which was computed as the physical ground
state polarizations for a given combination of in-
puts. Using conventional circuitry, the design of
a majority logic gate would be significantly more
complicated. The new physics of quantum mechan-
ics gives rise to new functionality, which allows a
rather compact realization of majority logic.
Note that conventional AND and OR gates are

hidden in the majority logic gate. Inspection of the
majority logic truth table reveals that if input A
is kept fixed at 0, the remaining two inputs B and
C realize an AND gate. Conversely, if A is held
at 1, inputs B and C realize a binary OR gate. In
other words, majority logic gates may be viewed as

programmable AND and OR gates, as schematically
shown in Fig. 12. This opens up the interesting
possibility that the functionality of the gate may
be determined by the computation itself. The im-
plications of this for circuit design and applications
remain largely unexplored as of now.
One may conceive of larger arrays representing

more complex logic functions. The largest struc-
ture simulated so far (containing some 200 cells) is
a single-bit full adder, which may be designed by

Fig. 10. Examples of simple QCA arrays showing (a) a bi-
nary wire, (b) signal propagation around corners, (c) the pos-
sibility of fan-out, and (d) an inverter.

Fig. 11. Majority logic gate. The basic structure simply
consists of an intersection of lines. Also shown are the com-
puted majority logic truth table and its logic symbol.

Fig. 12. Reduction of the majority logic gate to AND and
OR gates by fixing one of the inputs.

Slika 9: Za A=0 dobije se AND sklop, za A=1 dobije se OR sklop.
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3.6 QCA CIRCUITS

Inverters and MVs provide a functionally complete logic set for QCA. Various
QCA circuits, including combinational as well as sequential circuits have been
proposed in the literatures. These includes adders, shift registers, RAM and a simple
microprocessor [55] [56] [30] [57] [3] [58].

The schematic diagram of a single bit full-adder [3] implemented with 5
majority voters and 3 inverters, is shown in Figure 3.18.A,B are the operand inputs
and Ci−1 is the carry from the previous stage. The sum and carry bits are denoted
as the S and Ci outputs. Figure 3.19 illustrates the ground state charge distribution
for the case in which logic “0” and logic “1”s are assigned to the carry-in and each
input lines respectively.

Figure 3.18 Schematic Diagram of Single-bit Full-Adder (From [3]. c©1994 Journal of Applied
Physics. Reprint with permission)

Frost et. al. have presented an H-memory structure [56] that has the potential
of dense storage with excellent processing capabilities. Figure 3.20 depicts the H-
memory structure in QCA and its logic-level equivalent.

Slika 10: Logički sklop za binarno zbrajanje jednog bita.
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Slika 7.
Za A = 0 dobije se AND sklop, za A = 1 dobije se OR sklop.

Realizacija QCA sklopa (zbrajalo 1 bita)

Usporedba realizacije zbrajala 1-bita preko 
klasične tranzistorske logike i QCA ćelija.
a) Logička shema zbrajala 1-bita
b) Zbrajalo napravljeno pomoću QCA
c) Rezultati simulacije programa 
    QCADesigner [4]
d) “Clocking” shema zbrajala 1-bita u
    QCA realizaciji
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