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Thermodynamic Behavior of Molecular-Scale
Quantum-Dot Cellular Automata (QCA)

Wires and Logic Devices
Yuliang Wang and Marya Lieberman

Abstract—Quantum-dot cellular automata (QCA) offers a new
paradigm for molecular electronics, a paradigm in which infor-
mation transmission and processing depend on electrostatic inter-
actions between charges in arrays of cells composed of quantum
dots. Fundamental questions about the operational temperature
and functional gain of devices built from molecular-scale QCA cells
are addressed in this paper through a statistical-mechanical model
based on electrostatic interactions. The model provides exact so-
lutions for the thermodynamic constraints on operation of small
arrays of cells (up to 15). An Ising approximation dramatically re-
duces the computational task and allows modeling of the thermo-
dynamic behavior of semi-infinite QCA wires. The probability of
getting the correct output from a QCA device for a given input
depends on temperature, cell size, cell–cell distance, effective di-
electric constant of the medium, and the number of cells in the
array. Using parameters derived from molecular candidates for
QCA cells, the statistical–mechanical model predicts that majority
gates should give correct output at temperatures of up to 450 K,
while wires of thousands to millions of QCA cells are predicted to
operate as functional devices at room temperature.

Index Terms—Ising approximation, molecular electronics,
quantum-dot cellular automata (QCA), statistical mechanics,
thermodynamic behavior.

I. INTRODUCTION

THE DEMAND for denser and faster integrated circuits
has inspired serious efforts to develop nanoelectronic

and molecular electronic devices. With the use of molecules,
nanoparticles, and nanotubes as components, the ultimate desire
for molecular electronics is to achieve further miniaturization,
greater functionality, and faster clock rates for advanced
electronic systems, all at highly reduced cost. Recently, there
have been a number of major breakthroughs in the fabrication
and demonstration of nanometer-scale molecular electronic
components [1], among which the quantum-dot cellular au-
tomata (QCA) proposed and demonstrated by Lent have been
considered as a potential model for a future computational
paradigm [2]. From the theoretical point-of-view, the idea of
cellular automata (CA) was introduced in the late 1940s by von
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Fig. 1. (a) Schematic two- and four-dot QCA cells. The circles represent
the quantum dots, the dark circles represent the location of the extra charge,
and d is the separation between dots within the cell. (b) Depending on where
the extra electron in a two-dot cell resides, two energetically equivalent
configurations, denoted as S = �1 and S = +1, can be produced. These
electron configurations are used in the QCA paradigm to encode binary
information.

Neumann [3] and Ulam. In the late 1960s, Conway developed
the Game of Life [4], which simulated CA by modeling the
interaction of cells following easy rules. Depending on the
arrangement of cells and the rules, these arrays can perform
general-purpose computation functions. The trick has been to
translate arbitrary mathematical rules into a physical device
that can scale to molecular sizes.

In the QCA paradigm, each cell is composed of either two or
four quantum dots, as shown in Fig. 1(a), with mobile charges
occupying half of the quantum dots. The four-dot cells can be
regarded as paired two-dot cells. In the ground state, in the ab-
sence of external electrostatic perturbation, the two electrons in
a four-dot QCA cell will adopt one of the energetically degen-
erate diagonal configurations shown in this figure. We use po-
larizations and to denote the two electron ar-
rangements in the cell, as shown in Fig. 1(b). Binary bit values
of “0” and “1” can also be assigned to these two different po-
larizations. When a cell is located near an unsymmetrical elec-
tric field, i.e., a driver, the two polarization states will no longer
be energetically equivalent. A driver could be an input device,
such as a scanning tunneling microscope (STM) tip, nanotube,
or similar very sharp wire. Alternately, one cell could be driven
by a neighboring QCA cell that is, in turn, interacting with an
input device. Given a certain pattern of input perturbations, the
whole array of QCA cells adopts its lowest energy configuration
and, in the process, carries out a computation. In this manner, in-
formation can be transmitted and processed according to elec-
trostatic interactions between the charges within the cells. A
sensitive electrometer is used to read the output value from the
output cell, which might be far distant from the input cells.

By using different physical arrangements of the cells, one can
construct different types of QCA devices [5], as shown in Fig. 2.
A QCA wire is shown in Fig. 2(a). The left-most cell is fixed
with a polarization representing the input. The ground state con-
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Fig. 2. QCA devices. (a) QCA wire. (b) Signal fan-out. (c) Inverter design.
(d) Fundamental QCA logic device, a three-input majority gate.

figuration of the remaining free cells is then one with each cell in
the line polarized in the same way as the input cell, which consti-
tutes transmission of the input signal from one end of the wire to
the other. Signal fan-out is illustrated in Fig. 2(b). Fig. 2(c) gives
an inverter design. The antialignment of the input and output
polarizations is a simple consequence of the mutual repulsion
between electrons. The symmetric design ensures exact sym-
metry between the inversion of “1” and “0.” Fig. 2(d) shows
the fundamental QCA logic device, a three-input majority gate,
from which more complex circuits can be built. With these basic
elements, logically complete computation is possible. Although
the cells in these devices are all shown as the four-dot variety, all
of these devices can equally well be constructed using two-dot
cells.

Over the past decade, the implementation of QCA devices
has been experimentally investigated. Orlov et al.[6], [7],
Amlani et al. [8], and Bernstein et al. [9] have successfully
fabricated arrays of aluminum quantum dots to demonstrate
the operation of QCA wires, majority gates, clocked memory
latches, and a shift register. The operating temperatures for
these micrometer-scale QCA devices were approximately
80 mK. Since the electrostatic interactions between cells be-
come stronger the smaller the cells are made, room-temperature
(RT) operation of 1–10-nm scale QCA devices could be
feasible.

Serious efforts now have been carried out toward the
molecular implementation of QCA [10]. Instead of using tradi-
tional semiconductor material to make these very small cells,
molecules have been chosen and used for investigation. The
advantages of molecular QCA cells (besides the potential for
RT operation) are that the cells are structurally homogeneous
down to the atomic level, and that circuits can be built at an
estimated density of up to 10 devices per cm .

Fig. 3. Four molecular QCA candidate cells. Cell I and Cell II are the well-
known Creutz–Taube ion and its 4; 4 -bipyridine analog. Both are pentacations.
Cell III is a silicon phthalocyanine dimer. The electron can hop back and forth
between the two rings. Cell IV is another diruthenium mixed-valence compound
with an overall charge of+1. For all these four molecules, the simplified dot–dot
distance d and the estimated cell-cell distance L are also shown.

The most promising molecular analogs of QCA cells consist
of mixed-valence metal dimers, which are analogous to two-dot
QCA cells. Two redox centers that serve as “quantum dots” are
connected via a bridging ligand, which functions as a tunneling
junction. Several such mixed-valence molecules are shown in
Fig. 3. The distances between the two redox centers in each mol-
ecule and the estimated cell-cell spacing (based on structural
modeling results using Chem 3D Ultra 8.0, CambridgeSoft, in
the case of the ruthenium dimers I, II, IV, and on STM measure-
ments in the case of the silicon phthalocyanine dimer III) are
also given in this figure. Compounds I and II are the well-known
Creutz–Taube ion and its -bipyridine analog [11], [12]. Both
species are pentacations. Compounds III and IV were recently
synthesized by our group [13], [14] as part of an effort to re-
duce the net molecular charge on the MQCA cell; they are both
monocations.
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Devices based upon QCA principles will only function up to
a certain temperature before thermal energy causes mistakes in
electron localization. The total number of cells in the devices
will also affect the accuracy of the output of the devices since
more mistake states are possible (entropic contribution). Inten-
sive investigation has been carried out to model the behavior of
electrons in QCA systems. Due to the operation principal of the
basic device, most of these studies dealt with the ground states
of the system using quantum mechanical methods [15], [16].
Tougaw and Lent recently did a dynamic behavior study for
QCA wires based on traditional semiconductor-sized (20 nm)
dots and molecular-sized (2 nm) dots. The results showed an im-
provement of the switching speed for the molecular-sized cells
by a factor of 100 over the semiconductor-sized cells [17]. In ad-
dition, improvements in the possible operating temperature are
predicted; the larger Columbic energies present in the molec-
ular-sized cells make it possible for them to operate at or above
RT.

In this study, we investigated the total number of QCA cells
that could function together in a device before thermal fluctua-
tions caused errors in the output. Statistical mechanics methods
are used to examine the details of these thermodynamic behav-
iors for the many-cell molecular-sized QCA devices. By con-
sidering all the possible energy states of the devices and, thus,
constructing their partition function, the expectation values for
the output cells of wires and majority gates at different tempera-
tureswere obtained. The dependence of the output on the dimen-
sions and spacing of the molecular QCA cells and the number
of cells within the devices can be modeled in this way in order
to probe the feasibility of molecular QCA.

II. MODEL QCA SYSTEMS

A. Molecular QCA Cells

Due to the equivalence of the two- and four-dot cells within
the QCA paradigm, we only considered two-dot model cells.
Molecular QCA cells were modeled as follows: the two redox
centers in each of the candidate molecules were treated as
quantum dots separated by a distance . Every cell contains
one mobile electron that is restricted to the quantum dots. The
electron can hop back and forth from one site to the other, but
is not allowed to leave the two-dot cell.1 Polarizations
and are used to denote the two electron arrangements
in the cell (as shown in Fig. 1). The term polarization refers
only to the arrangement of charge and does not imply a dipole
moment for the cell. In our model, the driver is represented by
selecting one cell as an input cell and setting its polarization
to 1 or 1. The driver is maintained at this polarization and

1Mixed-valence compounds can undergo a disproportionation reaction in
which one dimer oxidizes another while being itself reduced; this would
destroy the necessary mixed-valence charge state for QCA operation. Each of
these compounds has been characterized electrochemically in order to assess
the thermodynamic stability of the mixed-valence charge state to dispropor-
tionation. For compound I, the mixed-valence charge state is sufficiently stable
that fewer than one molecule in 1000 will undergo disproportionation, while
for compounds III and IV, fewer than one in 10 molecules will undergo
disproportionation in solution. Although these estimates must be extrapolated
from solution measurements to surface-bound molecules, they suggest that
large ensembles of MQCA cells would be stable to disproportionation.

Fig. 4. Molecular QCA model. (a) MQCA wire. L is the distance between
the cells and d is the distance between dots in a cell. Cell 0 is the input cell,
cell N is the output cell, and there are (N + 1) cells in the line. (b) Six-cell
majority gate model. Cells A–C represent the input cells, cells D and E make up
the decision cell, and cell F is the output cell. The distances between dots in a
cell and between cells are identical. (c) Ten-cell gate model. Cells A–C are the
input cells, cells G and H make up the decision cell, and cell J is the output cell.

the other QCA cells are allowed to change their polarization in
response to the fixed driver.

B. QCA Wire

A QCA wire is represented by a line of two-dot QCA cells,
as shown in Fig. 4(a). Cell on the left-hand side is the driver
cell, which is held at a fixed polarization ( 1 or 1), and all the
other cells in the array are free to react to this polarization. The
cell on the right-hand side is the output cell. The ground state
of the wire of two-dot cells has alternating cell polarizations.
If there are even numbers of two-dot cells, the output cell has
a polarization opposite to that of the input cell, while if there
are an odd number of cells, the output polarization should be
identical to the input polarization. In practice, the output value
will not be exactly “ 1” or “1,” but will lie somewhere in be-
tween, depending on the temperature and distribution of energy
states within the system. An output polarization of “0” would in-
dicate completely random output. The important parameters in
this wire model are the dot–dot distance and the cell–cell dis-
tance . We will consider the thermodynamic behavior of two
types of model cells. One is a cell in which both and equal 5,
10, or 20 ; the others match the and parameters measured
or estimated from QCA candidate molecules shown in Fig. 3. In
order to know how many cells we can put into a working wire,
we determined the effect of the total number of cells on the fi-
delity of the output through an exhaustive statistical mechanics
treatment. For some cell types, this computation became bur-
densome due to long coherence length of the wire, and an Ising
semi-infinite wire model was used, as will be discussed later.

C. QCA Majority Gate

Fig. 4(b) presents the most fundamental of QCA logic de-
vices: the six-cell majority logic gate, from which more com-
plex circuits can be built. Three inputs, here coming from the
top (cell A), left (cell B), and bottom (cell C), and the output
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(cell F) are positioned as neighbors of a decision gate (cells D
and E). The decision cells and output cell have their lowest en-
ergy state if they assume the polarization dictated by the ma-
jority of the three input cells. As in the wire, the input cells are
treated as fixed drivers, while the decision cells and outputs are
free to change in response to the drivers.

Besides the cell-cell distance and cell size, the effect of the
total number of cells within the logic gates was also studied.
A ten-cell majority gate design shown in Fig. 3(c) was used to
compare the results with the six-cell model.

III. STATISTICAL MECHANICS METHOD

In a system that contains two-dot QCA cells, there are a
total of 2 possible states, each with its own unique distribu-
tion of the electrons. Each state has a characteristic energy
(though many states are degenerate). The ratio of the probability
of populating any given excited electronic state to the proba-
bility of populating the ground state is determined by the Boltz-
mann distribution law

(1)

When thermal fluctuations exceed the energy barrier between
the ground state and the manifold of excited states, one or
another of the excited states will be populated and the binary
output value for a QCA device will not be correctly encoded.

For a system at thermodynamic equilibrium, the expectation
value of an observable can be obtained according to the fol-
lowing equation:

(2)

Here, is the partition function of the system; is the
system energy for the th state. In this study, we used this equa-
tion to calculate , the expected polarization of the output
cell . has the following form:

(3)

Here, is the number of different states in the system; each state
consists of a different configuration of the electrons in
the “dots.” The electron configuration in the output
cell is not included. Since the electron configuration of the input
cell in a QCA wire is fixed, for an -cell wire, equals 2 .
In the majority gate model, where there are three fixed inputs,

equals 2 . The term in (3) is the system energy
for electron configuration when the polarization of the output
cell has the fixed value of , which can be either 1 or 1;

depending on the probabilities for observing these two outputs,
can range from 1 to 1.

The Coulomb interaction is considered as the only interaction
between cells. , which represents the Coulomb interaction
between the two mobile electrons in cells and , has the fol-
lowing form:

(4)

Here, is the dielectric constant of the medium and is the
distance between the two mobile electrons in cells and . The
energy for each state of an -cell QCA system is

(5)

The canonical partition function of the -cell system can
be constructed from these energy states, as shown in (6). Thus,
the expected value of the output cell can be calculated using
(3).

(6)

In our calculations, the mobile charge was assigned to be pos-
itive; this treatment is just for convenience and will not affect
any calculation results for molecules in which the mobile charge
is negative.

In order to determine the number of cells that can be inte-
grated in a useful QCA wire, we must consider very long wires.
Since the computational task increases exponentially with the
number of cells considered, it is not practical to consider all
pairwise interactions between every cell. In fact, the Coulomb
interaction between a pair of cells decreases with the increasing
distance between the cells. The Ising nearest neighbor model
has been used successfully in many similar systems that have
short-range interactions [18], [19]. Such an approximation can
be used to obtain an analytical expression for for a semi-
infinite wire, as shown below.

If we use to represent the electron configuration of
cell when the electron is at top site and to describe
the electron at the bottom position in the QCA wire, the pairwise
Coulomb interaction between cells and will be given by (7)

(7)
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where is the distance between “dots” in the cell and
is the cell–cell distance. The total energy of an -cell

wire system, with cell 0 as the input cell, will be

(8)

If we assume that each cell in the wire interacts strongly only
with its nearest neighbors, then the system energy only consists
of terms describing the interaction of each cell with its nearest
neighbors. The final simplified expression of the system energy
may be represented as shown in (9) for wire with input value “1”

and in (10) for wire with input value “ 1” as follows:

(9)

(10)

where

(11)

and

(12)

The partition function of such a -cell semi-infinite
wire will be

(13)

, the expectation value for the polarization of the output
cell , can be then calculated as follows:

and the final expressions for are

(14)

Fig. 5. Results for short MQCA wires. (a) Dependence of hS i on
temperature for several N -cell wires with d = L = 10 �A. N varies from 5 to
15. An input polarization value of �1 is used so, depending on whether the
total number of cells in the wire is even or odd, the sign of the expected output
value will either be +1 or �1. (b) The dependence of hS i on temperature
for ten-cell wires with different d and L values. For a given value of d, shorter
cell–cell spacing L leads to more stable output. Results on wires whose cell
parameters are based on current QCA molecule candidates are also shown.
Molecule III with d = 5 �A; L = 25 �A will not work when the temperature is
above 30 K, but molecule I with d = 7 �A; L = 10 �A could work up to 400 K.
Generally, when L � 2d, the wire does not function at RT.

for an input value of “1” and

(15)

for input value of “ 1.”
With this analytical expression, we can examine the relation-

ship between and parameters such as the number of cells
in a wire, the cell dimensions, cell–cell spacing, and operating
temperature.

IV. RESULTS

A. Complete Statistical Mechanics Treatment for Short QCA
Wires

The relationship between the expectation value of the output
cell and the temperature for several short QCA wires
with are given in Fig. 5(a). The number of cells
varies from 5 to 15, with shorter wires showing more robust
function than long ones. The partition function and were
obtained by the “brute-force” method where no approximation
is used, rather than by the Ising method. An input value of
“ 1” was used for all our wire studies so the expectation value
of switches from “ 1” to “1” depending on whether
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there is an odd or even number of cells in the wire. Bistable
output values are obtained up to approximately
500 K (at which temperature real molecules would begin to
thermally decompose anyway). At higher temperatures,
approaches “0.” For longer wires, drops faster than for
shorter wires.

Decreasing the spacing between cells increases the bista-
bility of the wire due to stronger Coulomb interactions between
the cells. Increasing has the opposite effect. When ,
the ten-cell wire is predicted to fail at RT. The predicted output
behaviors for two ten-cell wires with cell parameters based on
current QCA molecule candidates are shown in Fig. 5(b). The
results show that the molecule III with will
not work when the temperature is above 30 K, but molecule I
with could work up to 400 K.

B. Statistical Mechanics Applied to Majority Gates

There are a total of eight different combinations of polariza-
tions for the three input cells of a majority gate. Energetically,
each input cell can either favor an output value of or

. In order to connect the polarization input values to the
majority gate decision, we introduce the concept of bit value for
the inputs and outputs. The bit value assigned to each input cell
and the output cell reflects which configuration of the decision
cells it favors. At ground state, depending on the electron loca-
tion of the two decision cells G and H, we can have two different
configurations. One is that the electron in cell G is at the bottom
and in cell H is at the top; the other one is the electron in cell
G at the top and in cell H at the bottom. If we assign the po-
larization favoring the first configuration as bit value “ 1,” the
polarization favoring the second one will be labeled as bit value
“0.” A schematic illustration of the input bit and output bit as-
signments for both the six- and ten-cell gate models is shown in
Fig. 6(a). Here, cells A–C are the input cells for the ten-cell gate
model and D–F are the input cells for the six-cell gate model.
When calculating output behavior for majority gates, the elec-
trostatic interactions between the three fixed driver cells were
not included. These inputs are fixed, thus, interactions between
them will not affect their polarizations. Fig. 6(b) shows the de-
pendence of output polarization on temperature for several input
combinations for each of the two majority gates. This calcula-
tion assumes QCA cells with and are both equal to 10 .
The bit values of the inputs and output are used and shown in
this figure. Due to symmetry, we only show the results with the
output bit value “1” here. From this figure, we can see that some
input combinations are more bistable than others, for example,
the input can produce the correct output “1” at higher
temperatures than the input . When the total number of
cells in the majority gate changes, the bistability of the logic
output also changes: for inputs and , we see
the performance of a ten-cell gate is shown to be better than a
six-cell gate; however, the opposite goes for inputs and

. Smaller values of and yield more stable output
values, as shown in Fig. 6(c), which compares expected output
values for two cell sizes with and .
This difference arises from the larger Coulomb repulsions gen-
erated between small cells.

Fig. 6. Results for MQCA majority gates. (a) Input bit value assignments
for the six- and ten-cell gate models. (b) Dependence of hS i on temperature
for the six- and ten-cell majority gate models. Since the device response is
symmetric, only the four input combinations resulting in an output of “1” are
shown. Identical output behaviors are obtained for inputs (011) and (110) so
only one curve can be seen for these two sets of input values. (c) Dependence of
hS i on temperature for ten-cell majority gates with cell parameters d = L =
5�A (top curves) and d = L = 20�A (lower curves). The same set of inputs are
used in both cases.

C. Ising Model for Semi-Infinite Wires

We compared the value of for a 15-cell wire using (14)
and (15) with the results obtained from (3), but with only the
nearest neighbors included in the calculation; numerically, they
are exactly the same. However, they are different from the re-
sults of the full calculation from (3) if all the neighbors are in-
cluded because electrostatic interactions are fairly long range.
The nearest neighbor approximation, which is necessary to ob-
tain an analytical solution for the Ising model, leaves out the
unfavorable interactions between the th and th cells,
the favorable interactions between the th and rd cells,
etc. The Ising results for several short QCA wires were com-
pared with brute-force calculations that explicitly included the
effects of different numbers of neighbors. Fig. 7 shows how the
expectation value of depends on temperature for a 15-cell
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Fig. 7. Effect of nearest neighbor approximations calculated using a brute-
force approach. The dependence of hS i on temperature is shown for calcula-
tions in which the electrostatic effects of either 1–4 or all neighbors on each side
of a cell are included.

wire when all neighbors are considered in the calculation, and
when only 1–4 neighbors are considered. The nearest neighbor
approximation clearly overestimates the stability of the output
value. Although the deviation is small at RT for a 15-cell wire,
it should be taken into consideration in interpreting our results
for longer wires.

The question that we think requires the use of the Ising model
despite its overoptimistic bias is: How long can a working QCA
wire be at a given temperature? Here, we define a working wire
as one whose output value of is significantly different
from the “random output” value of zero. Brute-force calcula-
tions place this critical value above 15 cells for and values,
which resemble those of molecular QCA candidates, but due
to computational constraints, we could not apply brute-force
methods to very long QCA wires. Fig. 8(a) gives the results [cal-
culated from (15)] of dependence on the number of cells
for wires with . Even numbers of two-dot cells
were used so when we used the fixed input “ 1,” the expected
output value would be “ 1.” Even for a 2000-cell wire, a good
output value is predicted for temperatures over
500 K. The inset of this figure gives another view of (15), which
shows the expected output value as a function of the number of
cells at a set temperature of 300 K. The solution to the Ising
equation predicts that the maximum number of cells in a func-
tional QCA wire at RT is 1 10 . This represents a satisfac-
tory level for many molecular electronics applications (e.g., a
wire up to 1-cm long).

Changing the inter-dot spacing and the cell–cell distance
in the semi-infinite wire changes its behavior greatly, as

does variation of the temperature or introduction of a dielectric
that can screen electrostatic interactions between the charges.
In order to determine the number of cells that can function
coherently in a QCA wire, we compared semi-infinite wires
using a set of assumptions drawn from current molecular QCA
cell candidates. The results are shown graphically in Fig. 8(b).
The least stable behavior (coherence lengths 100 cells) is seen
when a dielectric constant of ten was used to simulate solvent
screening. This result indicates that QCA devices will need to
be exposed to either air or vacuum rather than a solvent envi-
ronment. Molecule I (with ) proved much

Fig. 8. Ising approximation results for semi-infinite MQCA wires.
(a) Dependence of hS i on temperature for several fairly long wires with
cell parameters d = L = 10 �A. Even numbers of two-dot cells and an input
polarization value of �1 are used so the expected output is+1. The inset shows
hS i as a function of the number of cells in the QCA wire at RT. (b) Ising
model results with parameters estimated from molecular systems. Dependence
of hS i on number of cells in a QCA wire is given for: I: Molecule I at RT
in a solvent environment, II: Molecule I at liquid nitrogen temperature in a
solvent environment, III: Molecule III at liquid nitrogen temperature in a
solvent environment, IV: Molecule I at RT in an air or vacuum environment,
V: Hypothetical molecule with long inter-dot spacing, VI: Molecule I at a
liquid nitrogen temperature in an air or vacuum environment.

more promising than molecule III (with ).
As expected from the results of the “brute-force” calculations
in previous discussions, the long intercell distance of molecule
III gave very poor output behavior and it is unsuitable for QCA
wires longer than a few cells. Molecules similar to I, on the
other hand, appear suitable for wires with up to 10 000 cells at
RT. The number of cells that can function as a QCA wire can
be greatly extended either by increasing the spacing between
the dots in each cell ( rather than 7 produces
an estimated wire length of approximately 10 cells) or by
lowering the temperature (liquid-nitrogen temperature rather
than RT produces an estimated wire length of 10 cells).

V. DISCUSSION

This paper uses basic principles of statistical mechanics to
estimate functional gain for simple devices in a QCA archi-
tecture. Functional gain is defined as the number of molecular
elements that can work together without necessity for ampli-
fication by the CMOS world. The amount of functional gain
available for a given molecular system will be a major deter-
minant for the ultimate device density that can be achieved—if
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each molecule must be amplified by CMOS, the effective size
of the molecule will be at the CMOS scale, not at the molecular
scale. Molecular QCA wires and logic gates are basic devices
from which more complex molecular electronic circuits would
be constructed. The limitations on wires and majority gates will
set fundamental constraints on more complex circuits such as
adders [20] and field-programmable gate-array elements [21],
which have been proposed for QCA architectures.

Clocking of QCA devices, which has been proposed by
Snider et al. [22], [23] and demonstrated in a metal-dot system
by Orlov et al. [24]–[26], provides power gain and pipelining
to QCA circuits. In a clocked QCA architecture, the number of
cells that must be “correct” would be limited to the number in
each clocking region. For a QCA wire that is clocked by 20-nm
CMOS wires on a 50-nm pitch, roughly 50 QCA molecules
would be present in each clocking region. Our results suggest
that a wire consisting of 50 QCA molecules would be workable
at RT, thus, clocking of molecular QCA devices may be
feasible.

The simple thermodynamic models we have developed allow
variation of molecular dimensions, cell–cell spacing, and other
properties that offer design guidelines for QCA molecules.
Molecules with small and larger values are preferable for
wires, while for majority gates, which basically require two
wires to cross at a decision cell, it is better if . Due
to the difficulty of fabricating real devices from molecular
components, we think it is more practical to make a single
type of molecular cell (with ) and use it to construct
both wires and majority gates rather than to try to integrate
two different cell types in different spatial positions. A newly
developed technique for molecular deposition is promising for
this application [27], [28].

The molecular QCA cells in this study were treated as ideal
quantum dots, and we did not consider molecular proper-
ties such as thermal stability, charge delocalization onto the
bridging ligand, and spin pairing of the electrons in neighboring
cells. It is certain that most of the molecules we are considering
would no longer be themselves at the high temperatures shown
in these figures, and other factors, like surface charges or
irregular spacing between cells, could reduce the performance
of molecular QCA devices. Nonetheless, these simple models
offer both an upper limit to the functional gain that is possible
for different molecular systems, and guidance in the design
of QCA molecules. Future work will be directed toward
improvement of the known deficiencies of the Ising model and
toward understanding the impacts of surface charge and defects
in cell placement on QCA device functions.
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