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Quantum Dots

Abstract— Quantum-dot cellular automata (QCA) has been ® 0O ® O @0 ®0 0 €0 ®0 ®
proposed as a replacement for CMOS circuits. The major @ ‘ . ®
difference between QCA and CMOS is that electronic charge, not Opz,l e MO

current, is the information carrier. A complete set of logic gates Flectons

has been created and some have been experimentally tested with input A
metal-dots acting as quantum dots. Molecular implementations  © ()
are currently being examined. This work examines the possible ®© O ®© de Jdle o
defects that may occur in the fabrication of both types of QCA ,nmompm O ®p ®
systems. Fault models for these defects are developed, and a ®© Je Oe O o e ®
prototype tool with a strategy for fault modeling is outlined. o ®0 e0 ®

..
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I. INTRODUCTION

. . . . Fig. 1. (a) Shows the two polarization values for QCA cells. (b) A QCA wire.
As nano-technology devices mature, the engineering iSSYgs QCA majority gate, which is the fundamental logic gate implementing

involved with these technologies demand attention. One A& + BC + AC. (d) A QCA inverter.
these issues that must be addressed is determining when a
nano-technology system will fail. This is a vital question
to answer as nano-systems move beyond proof-of-concepBy placing groups of cells together in different configura-
experiments. This issue needs to be addressed because tliesg, logic gates can be constructed. The majority gate in Fig.
nano-systems are inherently more susceptible to defects de) is the fundamental gate used in QCA, and implements
to their small size and fabrication techniques, such as buildittee voting logic function AB + BC + AC. Holding one of
them with self-assembling molecules. As the knowledge bafe inputs to zero forms an AND gate, while holding an
of determining device and system failures increases, buildimgput to one forms an OR gate for the remaining two inputs.
fault tolerant systems must be considered. However, the knowince cells that are diagonal from one another tend to hold
edge base of fault mechanisms and methods of modeling thtfra opposite polarization, inverters can also be constructed as
need to be developed first. This work focuses on developingianshown in Fig. 1(d). Having an inverter, AND gates, and
initial strategy and a prototype tool for doing fault modelingPR gates, a functionally complete logic set is available for
in a specific nano-technology, namely quantum-dot cellulgeneral computation. Several systems have been designed in
automata (QCA). QCA including the data flow for a simple processor and a
In QCA, four dots occupy the corners of a square cell withhemory structure [2], [3].
potential barriers between each dot's two nearest neighborsThe clock used in QCA consists of four phases: hold,
Molecular QCA uses redox sites within a molecule as dotslease, relax, and switch. These phases correlate to the action
and a bridging ligand as a junction between them [1]. Twaf the potential barriers within the cell. During the hold phase,
extra electrons are introduced (or are available within thike barriers are kept high, thus the electrons are kept highly
molecule(s)) into the cell, and by raising and lowering thiecalized on two dots and give the cell a set polarization.
potential barriers with the clock, discussed shortly, an electrdiis provides a driver cell for a neighbor. In the release
can localize on a dot. From the Columbic interactions betwephase, the barriers are slowly reduced, which delocalizes the
these electrons, they will tend to occupy antipodal sites in teéectrons, and the cell loses a distinct polarization value. The
square cell. Due to this interaction, two different polarizatiorizarriers in the relax phase are minimized, giving full freedom
are available,, = 1 and P = -1 as shown in Fig. 1(a). to the electrons and preventing these cells from influencing
Respectively, these polarizations provide a logical one andchaighbors. During the switch phase, the barriers are slowly
logical zero, thus maintaining the binary computing paradigmsen while the cells are driven by neighbors in the hold stage.
As Fig. 1(b) shows, several of these cells can then be pladgyg the end of this stage, the cells are distinctly polarized.
side by side to form a wire. Logic values then pass from c&)CA systems are then divided into clocking zones, where a
to cell due to the Columbic interactions. clocking zone is a region where all cells are in one of the



four clock phases. By placing four (or more) clocking zoneswitch incorrectly. The energy needed for a QCA cell to switch
together, where each one starts in the switch, relax, release, simoluld be many times larger than the thermodynamic energy
hold phases respectively (repeating the pattern as necessamgyided by the environment. This error is ignored since the
values can transfer from one end of a system to another. Thermodynamic energy is proportional T wherekg is
reader is directed to [4]-[6] for more information regardin@oltzmann’s constant and@ is the temperature. It is assumed
the clocking of QCA systems. that the temperature of a QCA system will be held in a region
Although QCA proof-of-concept devices have been showmhere these thermodynamic errors do not occur.
to function properly [7], [8], several researchers have pointedAlso, clocking defects will not be examined in this work
out that improvements need to be made in terms of manufaice clock signals are implemented either in extra metal dots
turability and defect tolerance [9], [10]. This work is focuse¥4] or wires in the substrate below the QCA cells [5]. In the
on the latter of these since previous work has shown hdarmer implementation, the defects are the same as for the dots
sensitive QCA systems are to various defects. Theoreticaintaining information. For the latter, the clocking structure
work by Fijany and Toomarian found that moving a celshould be considered separately.
from its intended location by only a half-cell in distance can
cause the system to fail [9]. In the case of a molecular QCA Metal Dot Implementation

implementation, this would require placement accuracies OfBoth initial and more recent QCA systems have applied cor-

approximately one nanometer. Governale al. have done . S .
: . o ective voltages on each dot due to the fabrication differences
some work showing semi-conductor QCA to be sensitive 10 . . : .
X . inherent in each dot and junction [7], [8]. The main problem
dot placement and size, but this has yet to be explored In " .
.faced by these systems was parasitic cross-talk capacitance

the metal-dot implementation covered in this work [10]. It i . As this is a noise issue and not a particular defect it

expected that metal-dot QCA cells will be substantially mo iS, unable to be modeled. Since metal-dot cells use similar

robust to inaccuracies in dot placement and size. Different . L . .
. . . rocessing steps as CMOS circuits, the possible defects will be
dot sizes should not be an issue with molecular QCA due 0 _ . : : .
similar as well. As shown in [7] and [8], the major processing
the nature of molecular structures. These results demonstrs%e s are electron-beam lithography (EBL), metal deposition
knowledge of how some individual defects affect a system, but P grapny ' P

there is a need for understanding how multiple defects aff &Y shadow evaporation), and oxidation. Each of these steps

L ; can create defects, and additional ones can occur from particles
a system to aid in the development fault-tolerant architectures.
. . . . .~ the clean room.

This paper will outline a strategy for fault modeling by first Errors in the EBL processing step are similar to those in
determining what the various manufacturing defects are in Se(l:frrent lithoaraph tepchni uesgand ?Ni” tend to either leave
tion Il and then developing methods of modeling these defecf}gts and/or gunc?tigns i th?a wrond soot or thev will be sized
in Section Ill. Both metal-dot and molecular implememaﬂoq%correctl bJecause the tar etedgrepion was yeither under or
will be examined. Semi-conductor implementations could be y . 9 rean .

. . aver exposed. Making the tunnel junctions too large will have
considered, but metal-dot systems require fewer processmg. X o . . .
imilar effect as depositing too much metal in the junction,

steps using similar fabrication processes. Section IV outlin%%ich allows electrons to pass through the junction easily. This

a strategy and a tool that will be developed to systematicaﬁv . . e .
. . uld theoretically cause improper switching, but Columbic
study how multiple defects can influence a QCA SyStejfrces from other dot pairs should force a dot pair with this

Conclusions and future work will be discussed in Section o . .
defect to work properly. Similarly, having a metal oxide layer
IIl. DEFECTS that is too thick is similar to having a junction with too little
Wetal. An electron trying to pass through a junction like this
ould be fixed in place due to the high energy needed to pass
rough it. Another possible defect in the metal deposition
ge would be having dots of the wrong size or shape.

In this section, fabrication defects will be analyzed fo
both metal dot and molecular implementations of QCA. Th
proof-of-concept QCA cells were implemented using metgl
dots instead of semi-conductors [7]. Even for these simp%a
two to six dot systems, circuitry was needed to balance the .
fabrication defects. The possible defects of these systems will Molecular Implementation
be analyzed in the first subsection. For molecular QCA cells, Self-assembling molecules hold great promise for the fab-
proof-of-concept devices have yet to be built, but candidatieation of nano-technology systems. The process proposed to
molecules have been identified [11]. Further research aatlach candidate molecules to a substrate first grows a SiO
development of molecular QCA systems will show what thiayer, uses EBL to create trenches where QCA molecules are
exact defects of these systems are. This, and future, watkached, and then soaks the wafer in a bath containing QCA
should aid in the development of these molecular proof-afolecules [11], [12]. The possible defects associated with EBL
concept systems by providing the first step in developing fawdte the same as those listed above, thus there could be extra
tolerant architectures. or missing molecules due to an inaccurate trench. Since it is

One possible error in QCA systems that will not be exanknown how precisely the molecules will align within and
amined in this section is that of having an energy largetach to the substrate, defects in all three spatial directions
enough, due to thermodynamic effects, to cause a cell will need to be considered.



Even if the molecules align precisely as desired in thef ®0 @©0 ®©0 ©0 @0 @0 @
trenches, it appears that they will still have surface attachmen
angles that \?apry from mole)c/:ule to molecule [11]. Due this ® Ve U U e O e O
inherent factor, it is possible that each pair of dots could beO ©0 0 €0 ©O ©0 €0 ®
in a slightly different than expected location. Thus, having
architectures tolerant of this difference will be necessary. ThisO % % % % % % % % %% %% %
inherent factor of molecular QCA needs to be examined as
defect due to the instability of a QCA system from moving | (O ® O O O O O® O

dots as was outlined in [10]. Another factor that needs to be
considered is that of stray charges being introduced into the Fig. 2. A three cell wide wire
system. These charges will probably interact with the QCA

molecules, and will tend to force cells into a fixed polarization.
of these individual models is necessary. It is imperative that

IIl. FAULT MODELS each cell of a small system be tested since defects in specific

A large majority of the defects discussed in the previogglls may be more catastrophic than defects in other cells. For
section can be modeled in one of three ways. The first @ample, a defect in the middle cell of a majority gate may
to remove a cell from the system, which could occur with @ause the output to be undetermined, but a missing cell in a
clean room defect, incorrect EBL, or a molecule not attachingre may not cause the system to fail. After determining how
in a specific location. The second method is by rotating @ single fault affects a system, higher quantities of each fault
moving a cell, or at least a pair of dots (in the case dfeed to be tested. For example, it will be instructive to know
molecules). Again, this could be the case from EBL defectéhat happens when two, three, or four cells are rotated. To
or molecules not attaching precisely where expected. Las$gve computational time, it will be useful to know if there
modifying dots will also need to be undertaken by eithd® a distance where faults are far enough apart so that their
moving them or changing their size. Moving a single dcgffects are not compounded, and can be treated as individual
would be most likely in metal-dot implementations, as theefects instead. This knowledge will be accumulated to avoid
molecular implementations will have dots moving in pairs. AInnecessary testing and aid in the future development of yield
change in the size of the diameter of the dot is not likely t@odels as QCA systems are manufactured in quantity.
occur in molecular QCA, but in metal-dot QCA applying too After understanding how one or more faults of a specific
much or too little metal could cause the dot to be the wrogpe cause a system to fail, the next step is understanding
size. how groups of different types of faults create problems. For

There are several other defects that cannot be modeled usiigmple, does rotating a cell and moving or changing the size
the three previous models. One possible defect is having a Isca dot in that, or a neighboring, cell have a different effect
tunnel junction, thus fixing a cell to a specific polarizationon the system than just rotating the cell. Fault types should
This could also occur by having a stray charge in the systeh® tested for all combinations, except for those that have been
However, both of these defects can be modeled with a fixéelnd not to change a system. As before, finding methods of
cell. A fixed cell may cause an error in a single-cell widémiting the computational time is extremely important.
wire system, but should not cause one in a fault-tolerantThe prototype tool to implement this modeling has only
architecture. The tool presented in the next section will a@ghe major constraint on it, and that is it must be able to
in deciding how detrimental this type of defect is in a tolerantork with existing QCA design tools. The current basis for
architecture. these design tools is QCADesigner, which is a CAD tool

One proposed defect tolerant architecture for QCA is theapable of layout and simulation [13]. A file format, based
of wider gates and wires. Instead of a wire that is a singten the XML standard, is under development so that the fault
cell wide as was shown in Fig. 1(c), a wire is n-cells widenodeling tool can be either integrated with or stand-alone from
Fijany and Toomarian showed that increasing the input lin€CADesigner. This file format will allow for the separation of
of a block majority gate from one cell to three cells wid¢he architecture from the technology used to build the system
could turn a non-functioning gate into a functioning one [9and allow for hierarchical design, which is similar to the
The block majority gate they used was 11 x 8 cells, and hgdals and purpose of the CIF (Caltech Intermediate Format)
several missing and rotated cells. This demonstrates that witler format. Additionally, building a format based on the CIF
wires and gates have improved defect tolerance, and Figm®@del provides an understanding that various tools will need

shows an example of a three cell wide wire. to operate on the same circuits, thus a common format between
all tools is essential.
IV. STRATEGY AND PROTOTYPETOOL Since all information regarding the cell and dot locations

The prototype tool discussed in this section must be ahlgll be available to the tool, fault models can be injected into
to implement the strategy outlined here. The first part of tlthe system. For example, one fault model was a moved cell.
strategy is to have a complete set of fault models, such as th8sechanging where the center of the cell is located within
listed in Sec. Ill. Determining where the system fails for eade tool, the result of moving it can be examined. Since the
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the system and a prototype tool for doing fault modeling have
been developed. Work continues on molecular self-assembling
monolayers and exactly how the molecules are attached to a
substrate. Finalizing the strategy and developing the modeling
tool are ongoing. The results of this work will be used in the
testing and development of fault tolerant architectures which
are of the utmost importance in the development of practical
nano-technology systems.
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