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ROBUSTNESS AND POWER DISSIPATION IN QUANTUM-DOT CELLULAR
AUTOMATA

Abstract

by

Mo Liu

Quantum-dot cellular automata (QCA) is a new computation paradigm which
encodes binary information by charge conflguration within a cell instead of the
conventional current switches. No current ows within the cells. The columbic
interaction is su—cient for computation. This revolutionary paradigm provides a
possible solution for transistor-less computation at the nanoscale. QCA logic devices
such as binary wires, majority gates, shift registers and fan-outs made of metal
islands and small capacitors have been successfully fabricated. Experimental and
theoretical research on the switching of molecular QCA cells has been underway.
This thesis will focus on robustness and power dissipation in QCA circuits. The
robustness of both metallic and molecular QCA circuits are studied. The power
dissipation and power ow in clocked molecular QCA circuits are explored. Our
results show that QCA approach is inherently robust and ultra low power dissipation

is possible in QCA.
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CHAPTER 1

QCA INTRODUCTION

1.1 Introduction of QCA

In today’s computers, binary information is encoded using current switches. The
on and ofi states of current switches represent bit \1" and \0" respectively. In a
transistor, when the gate voltage is less than the threshold voltage, there is no
current ow; the transistor is ofi. Only when the gate voltage is greater than the
threshold voltage is there current ow.

The conventional transistor-based CMOS technology has followed Moore’s Law,
doubling transistors every 18 months. Shrinking transistors has been the major
trend to achieve circuits with fast speed, high densities and low power dissipation.
However, when scaling comes down to submicron level, many problems occur. Phys-
ical limits such as quantum efiects and non-deterministic behavior of small currents
and technological limits like power dissipation and design complexity may hinder
the further progress of microelectronics using conventional circuit scaling. A new
paradigm, beyond current switches to encode binary information, may be needed.

Quantum-dot cellular automata (QCA) emerges as such a paradigm. It was pro-
posed by Lent et al. in 1993 [1]. Since then, a signiflcant amount of research has
been done in QCA both theoretically and experimentally [2-58]. It has become one
of the promising candidates for nano-computing. QCA encodes binary information

in the charge conflguration within a cell. Coulomb interaction between cells is su—-



cient to accomplish the computation in QCA arrays ] thus no interconnect wires are
needed between cells. No current ows out of the cell so that low power dissipation

is possible.

@O
O®

(a)

@ O
0@
|.O
0@
O@®
@O
@O

@
O
(b)

Figure 1.1. Schematic of a QCA cell. (a) Two states \1" and \0" in a single cell;
(b) Coulomb interactions couple the states of neighboring cells.

A simple QCA cell consists of four quantum dots arranged in a square, shown in
Figure 1.1. Dots are simply places where a charge can be localized. There are two
extra electrons in the cell that are free to move between the four dots. Tunneling in
or out of a cell is suppressed. The numbering of the dots in the cell goes clockwise
starting from the dot on the top right. A polarization P in a cell, which measures
the extent to which the electronic charge is distributed among the four dots, is

therefore deflned as

(b +%3) § (b + hog)

P =
%1 + %o + %oz + Yoy

2



where %; denotes the electronic charge at dot i. Because of Coulomb repulsion,
the electrons will occupy antipodal sites. The two polarized charge conflgurations

= jl and P =1 correspond bit value of 0 and 1 respectively. These two states
are used to encode the binary information. When a polarized cell is placed close
to another cell in line, the Coulomb interaction between them will force the second
cell switch into the same state as the flrst cell, minimizing the electrostatic energy
in the charge conflguration of the cells. Based on the Coulomb interaction between
cells, fundamental QCA devices can be built.

Figure 1.2 shows the layout of some basic QCA devices. A binary wire can be
realized with a line of cells to transmit information from one cell to another. Two
diagonally aligned cells will have the opposite polarization. Inverters can therefore
be implemented with lines of diagonally aligned cells. A majority gate can be built
with flve cells. The top, left and bottom cells are inputs. The device cell in the
center interacts with the three inputs and its result (the majority of the input bits)
will be propagated to the cell on the right. A majority gate is the basic logic gate
in QCA, as it can function as an \OR" gate with one of the inputs fixed to \1"
and function as an \AND" gate with one of the inputs fixed to \0". More complex
circuits like full adders and memories can be constructed hierarchically in QCA with

appropriate layout [5, 9].
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Figure 1.2. Basic QCA devices. (a) A binary wire which propagates information
through the line; (b) An inverter which uses the interaction of diagonally aligned
cells to invert bits; (c) A three input majority gate. The output is the majority vote
of the three inputs.



1.2 Implementations of QCA cell

QCA cells can be realized with semiconductor, metal, magnets and molecules.
Semiconductor material is used to form the dots which are capacitively coupled in
semiconductor QCA. In [15], charge detection scheme is realized for AlGaAs/GaAs
QCA cell and Coulomb coupling between quantum dots is observed. In [16, 17],
a four dot silicon based QCA cell constructed with two adjacent double dots is
fabricated and measured at 4.2 K. In magnetic QCA, the logic states are signaled
by the magnetization direction of the single domain magnetic dots which couple to
the neighbors through magnetic interactions. Room temperature magnetic QCA
has been demonstrated in [18]. Other theoretical and experimental research on
magnetic QCA devices has been studied in [19, 20]. A three input majority gate in
magnetic QCA has been fabricated [21]. Those work provide useful demonstrations
of QCA cell implementations. In this research, we focus on metallic QCA cell and

molecular QCA cell.

1.2.1 Metallic QCA cells

QCA devices exist. Metal dot QCA cells are built with metallic tunnel junctions
and very small capacitors. Aluminum islands form the dots and aluminum oxide
tunnel junctions serve as the tunneling paths between dots. Figure 1.3 illustrates the
implementation of a four-dot QCA cell [22]. Electrons can tunnel between dot 1 and
dot 2 and between dot 3 and dot 4 through tunnel junctions. Figure 1.4 is a scanning
electron micrograph of the four-dot cell. The four red dots indicate the positions of
the four metal islands. The two magenta dots represent single electron transistor
electrometers that are used to measure the output. The fabrication technique uses
a combination of electron beam lithography and dual-angle evaporation to deposit

thin lines of aluminum that form overlaps with a small area. The lines of aluminum
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Figure 1.3. The implementation of a metal dot QCA cell, built with tunnel junctions
and small capacitors. Dot 1, 2, 3, 4 are four quantum dots formed by aluminum
islands.

thus form dots and the thin layer of aluminum oxide within the overlaps form the
tunnel junction. The area of the tunnel junction is about 50nm £ 50nm and the
thickness of the aluminum oxide is about 2nm. The experiment is performed in a
dilution refrigerator at a magnetic fleld of 1 Tesla to suppress the superconducting
efiect in aluminum. Figure 1.5 shows the measured characteristics of a four-dot cell
[27]. The difierential input (V1 j V) is applied between dot 1 and 2 with coupling
capacitors. "p1, "p2, " D3, " D4 are the measured dot potentials. When a positive
input is applied, an electron tunnels from dot 2 to dot 1, which in turn will switch
an electron from dot 3 to dot 4 due to the capacitively coupling between dot 1 and
dot 3 and between dot 2 and dot 4.

Metal dot QCA devices have been successfully demonstrated at low tempera-

tures. Majority logic gates, binary wires, memories, and clocked multi-stage shift

registers have all been fabricated [25, 26, 27, 28]. Figure 1.6 shows the schematic



Figure 1.4. Scanning electron micrograph of a four-dot cell.

of the majority gate experiment which corresponds to Figure 1.2(c) [25]. Four alu-
minum dots are connected in a ring by tunnel junctions. Each dot is coupled to
a metal gate through a gate capacitor. The difierential signal A( between gate 1
and 3), B (between gate 1 and 2) and C (between gate 2 and 4) constitute the
three inputs. The output is the difierential potential between dot 3 and dot 4.
Electrometers are used to measure the potential in dot 3 and dot 4. Figure 1.7
demonstrates the operation of the majority gate. The experiment result and theory
matches very well. The data conflrms the majority gate operation in QCA. These
metal-dot QCA devices, though limited by the fabrication method to low temper-
ature operation, provide valuable demonstrations of QCA circuits. They serve as

prototypes for molecular systems that will function at room temperature.
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Figure 1.5. The experiment measurement of a demonstrated four-dot cell. It plots
difierential potential between dot 1 and dot 2, dot 3 and dot 4.

1.2.2 Molecular QCA cell

Molecular QCA cell holds a more promising future with room temperature oper-
ation. Compared to metal dot QCA, molecular QCA cell ofiers additional beneflts
other than small size and high densities. Molecules are very good charge containers.
Also the molecular self-assembly creates identical devices so that the fabrication

cost might be lowered. Of course many problems remain to be solved in synthesis



Figure 1.6. Schematic of the QCA majority gate experiment. Four dots are con-
nected in a ring by tunnel junctions. Each dot is coupled to a metal gate through
a gate capacitor. E1 and E2 are the electrometers.

and positioning of molecular devices, and there are few speciflc candidates for the
QCA devices. In molecular QCA, each cell is a single molecule. Non-bonding ..
or d orbital serves as dots, so that electron transfer from dot to dot has minimal
efiect on the overall molecular structure [34-41]. Two-dot half-cells [38, 39, 40] and
four-dot cells [41] have been recently synthesized. The two-dot cells are functional-
ized for attachment to a silicon substrate by covalent bonding. Supporting groups
act as \struts" which hold the molecule perpendicular to the surface. Direct mea-
surements of the bistable switching required for QCA operation have been reported
in [40]. Charge tunneling from one dot to another can be sensed by capacitance
measurements. Figure 1.8 shows the highest occupied molecular orbital (HOMO) of

two stable states in a four-dot molecular QCA cell synthesized by Fehlner’s group
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Figure 1.7. Demonstration of majority gate operation. Solid line represents the
experimental result. Dashes line is the theoretical result.

[41]. Four ferrocene groups occupy four corner dots and each group acts as a quan-
tum dot. The Co group in the center of the square provides a bridging ligand,
which serves as the tunnelling path between four dots. The investigation of other

molecular QCA candidates are under way.

1.3 Clocking in QCA

Clocking is a key architectural feature in QCA. It not only controls the informa-

tion ow in the circuit, but also provides power gain and reduces power dissipation.

10
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Figure 1.8. The HOMOs two stable statesof a four-dot molecular QCA cell model.

A robust circuit should be able to restore signal at ead transport stage so that
information will not be lost due to unavoidable dissipative process. Therefore the
circuit must have power gain at ead stage,augmeriing a weak input signal to re-
store logical levels. In corvertional CMOS circuit, the power gain is provided by
the power supply. In clocked QCA, the energyfrom the clock providesthe energy
neededto restorethe signal.

The adiabatic clocking in QCA cellsis basedon the ideafrom Keysand Landauer
[66]. Supposea systemis placedin a potential well that canbe externally cortrolled
to changebetweenmonostableand bistable state cortinuously The systemin one
of the potential wells encadesbit \1" or \0", shawn in Figure 1.9 (b), (c). At the
initial state asin Figure 1.9 (a), the systemis in a monostablestate. Then a small
input is applied as is shown in Figure 1.9 (d). The blue dashedcurve represeis

the state before any changeis made. If the input is held and a clock is applied

11



