Introduction

The real purpose of this chapter is to present a set of parameters and a methodology that will assist in closing the gap of understanding between individuals researching physical devices, and those interested in building systems from those devices.  With many classes of nano-scale devices emerging, often the two groups speak two different languages.  Electrical engineers and chemists do not have the background required to design larger-scale and computationally useful systems from the devices that they are building.  Similarly, while system architects have this knowledge, they usually lack an understanding of what can physically be built.

The goal of this chapter is to introduce a set of fundamental parameters for the computer engineer which, if followed, should help eliminate the problem just mentioned for one emergent nano-scale device – the Quantum-dot Cellular Automata (QCA).  Carver Mead and Lynn Conway's work will be used as a basis and a framework for a set of QCA design rules.  Overall, this work should help to further a goal of using systems-level research to help drive device development.  (In other words, systems designers can provide physical scientists with computationally interesting schematics to physically build, and identify what device characteristics are most important to implement in order to perform computationally interesting tasks.)  If the device and design communities are better able to communicate, more proof-of-concept, realistic, and computationally useful circuits and systems should become more physically realizable at an accelerated time scale.

Specifically, this chapter (from a computer engineering perspective) will begin by providing a detailed background of QCA devices.  It will discuss the basic logical properties associated with QCA – how a 1 or a 0 is represented, how wires are formed, how logical gates are formed, etc.  Next, it will focus on what the current state of the art is with regard to QCA demonstrations.  We will discuss possible real QCA cell implementations.  Additionally, the role that a “clock” will play in QCA circuits will be introduced at a conceptual and implementable level.  Metal and molecular cells will be considered.  We will then review the historical precedence for design rules.  It will be followed by a short section that considers the initial questions that laid the ground work for design rules in QCA.  Next we will present a compilation of all of the information a computer engineer will want to know, and a list of all of the questions that a computer engineer will need to answer when attempting to design larger-scale systems of QCA cells.  Finally, a brief example of what a design rule might look like for a specific device technology will be discussed.

The Basic Device and Circuit Elements
We will first present a very conceptual view of QCA – essentially showcasing the building blocks available for the design of logical circuits and systems.  Possible implementations will be discussed later.  

A “Generic” 4-dot QCA Cell
A high-level diagram of a “candidate” four-dot metal QCA cell appears in Figure 1.  It depicts four quantum dots that are positioned to form a square.  Quantum dots are small semi-conductor or metal islands with a diameter that is small enough to make their charging energy greater than kbT where kb is Boltzmann's constant and T is the operating temperature.  The charging energy is the potential energy needed to overcome the electrostatic repulsion from the other electrons in the dot -- or in other words, the energy required to add an electron to a dot.  If this energy is greater than the thermal energy of the environment (kbT), dots can trap individual charges.

Exactly two mobile electrons are loaded into this cell and can move to different quantum dots by means of electron tunneling.  Tunneling paths are represented by the lines connecting the quantum dots in Figure 1.  Coulombic repulsion will cause “classical” models of the electrons to occupy only the corners of the QCA cell, resulting in two specific polarizations (again, see Figure 1).  These polarizations are configurations where electrons are as far apart from one another as possible, in an energetically minimal position, without escaping the confines of the cell.  Here, electron tunneling is assumed to be completely controllable by potential barriers that can be raised and lowered between adjacent QCA cells by means of capacitive plates parallel to the plane of the dots \cite{Lent1}.
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It is also worth noting that in addition to these two “polarized” states, there also exists a decidedly non-classical unpolarized state.  Briefly, in an unpolarized state, inter-dot potential barriers are lowered to a point which removes the confinement of the electrons on the individual quantum dots, and the cells exhibit little or no polarization as the wave functions of two electrons smear themselves across the cell \cite{Lent3}.

The Majority Gate:

The fundamental QCA logical gate is the three-input majority gate which appears in Figure 2a \cite{Lent1}.  Computation is performed with a majority gate by driving the device cell (cell 4 in the figure) to its lowest energy state, which will occur when it assumes the polarization of the majority of the three input cells (1, 2, and 3).  We define an input cell simply as one that is changed by a logical signal propagating toward the device cell.  The device cell will always assume the majority of the polarizations of the input cells because in that polarization, the electrostatic repulsion between the electrons in the three input cells and the electrons in the device cell will be at a minimum.

A Wire
Figure 2b illustrates what is called a “90-degree” wire.  (The wire is called “90-degrees” as the cells from which it is made up are oriented at a right angle).   The wire is a horizontal row of QCA cells and a binary signal propagates from left-to-right because of electrostatic interactions.  Initially, cell 1 has polarization P = -1 and cell 2 has polarization P = +1.  As before, it is assumed that charges in cell 1 are trapped in polarization P = -1 but those in cells 2-9 are not.  Because the driving cell is “trapped”, there is no danger that this wire could “reverse directions” and have a polarization propagate in a direction from which it came. Initially, electron repulsion between cell 1 and 2 will cause cell 2 to change polarizations.  Then, electron repulsion between cell 2 and 3 will cause cell 3 to change polarizations.  This process will continue down the length of the QCA “wire”.  When electrons in all cells settle in an energetically minimal position, the cell is said to be in a ground state.  (“Energetically minimal positions” simply means that electrons are in positions such that the Coulombic repulsions between them are as low as possible).

45-degree Wires:
It is also possible to form what is called a “45-degree wire” \cite{Lent1}.  Illustrated in Figure 2c, a binary value propagates down the length of such a wire, alternating between polarization P = +1 and polarization P = -1.  It is this orientation of electrons within QCA cells that represents the minimum energy configuration for each cell.  Interestingly, with this orientation of wire, both a complemented or uncomplemented signal value can be ripped off of the wire by placing a 90-degree “ripper” cell at the proper location between 45-degree cells (see Figure 2c).

Off-center Wires
In theory, QCA cells do not have to be exactly aligned to transmit binary signals correctly.  Cells with a 90-degree orientation could be placed next to one another but off-center, and a binary value could still be transmitted successfully (Figure 2d) \cite{Lent1}.  However, successful transmission is subject to the exact positioning of the off-centered cell.  To quantify the degree of allowable off-centeredness, consider Figure 2d.  Essentially, with a four-dot cell, if the two quantum dots of the middle cell (in the top portion of the figure) are below the center lines of its neighboring cells then the polarization of the next cell of the wire will be weak or indefinite which is undesirable.  If the cell is above the imaginary center line, the value should be transmitted successfully.  It should also be noted that different implementations of QCA cells (i.e. metal versus molecular) will be subjected to different allowable degrees, ranges, and types of “off-centeredness” with regard to propagating a signal correctly.  The last portion of Figure 2d illustrates one possible defining rule.  External energy can cause a cell in a wire or a system to switch into a mistake state (defined as Ekink).  

More specifically, the kink energy is the amount of energy that will excite a cell into a mistake state.  Referring to Figure 2d, the kink energy for off-center cells is proportional to (1/r5)cos(4).  Thus, as the distance between cells increases, the kink energy will decrease indicating that a smaller amount of external energy could excite a cell into a mistake state.  Intuitively, this makes sense as one cell that is supposed to drive another is now farther away from the cell that it is supposed to drive.  Additionally, if two cells are placed exactly in line, the angle of their off-centeredness would simply be 0 (cos(0) is 1).  However, if the angle of offcenteredness between the two cells increases for example to 20-degrees, the kink energy will again decrease (cos(4 * 20) is approximately 0.17).  Thus disorder (i.e. cells not in a straight line) will only lower the amount of external energy required to create a mistake.  

(Before continuing, it is also worth considering what happens if two cells are off-center by 45 degrees.  By plugging this number into the above equation, cos(180) falls out and is equal to -1.  This results in a kink energy identical to that for two cells that have no misalignment between them.  The negative sign indicates signal inversion and what we really have is a 45-degree wire.  If the cells are 90 degrees off-center, the cells are again in-line, but in the vertical direction.)
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Finally, considering wire length in general, while it is to some extent a function of implementation technology, wire length is also largely a function of kink energy.  As an example, consider a linear array of N cells that form a wire that we want to transmit a logical 1.  The ground state for this configuration would be all of the cells switching to the same polarization as that of the driving cell -- namely a line of cells in the logical '1' polarization.  The first excited (mistake) state of this array will consist of the first m cells polarized in a representative binary 1 state and N-m cells in the binary 0 state.  The excitation energy of this state (Ek) is the energy required to introduce a “kink” into the polarization of the wire.  This energy is independent of where the kink occurs (i.e. the exact value of m).  As the array N becomes larger, the kink energy Ek remains the same.  However, the entropy of this excited state increases as there are more ways to make a “mistake” in a larger array.  When the array size reaches a certain size, the free energy of the mistake state becomes lower than the free energy of the correct state meaning that a value will not propagate.  A complete analysis reveals that the maximum number of cells in a single array is given by exp(Ek/kBT) \cite{Lent3}.  Thus, given an Ek of 300 meV (reasonable as will be seen the discussion of molecular experiments), kB (1.38 * 10-23 J/K), close to room temperature operation (300K), and that 1 J = $1.6 * 10-19 eV, arrays of cells on the order of 105 are not unreasonable.

Wire Crossings in the Plane

QCA wires possess the unique property that they are able to cross in the plane without the destruction of a value being transmitted on either wire.  However, this property will hold only if the QCA wires are of different orientations such that one wire is comprised of 45-degree cells and another is comprised of 90-degree cells (Figure 2e) \cite{Lent1}.  However, while theory tells us that this property should hold, the problem of engineering devices to realize such functionality has not yet been completely solved.

An Example

To implement more complicated logical functions, a subset of simple logical gates will be required.  For example, it would be impossible to implement certain circuits in QCA with just majority gates (at least without inverters).  Earlier, we have shown that a value's complement can be obtained simply by ripping a signal value off of a 45-degree wire at the proper location (it is also possible to make an inverter with only 90-degree cells \cite{Lent1}).  Implementing the logical AND and OR functions is also quite simple.  The logical function the majority gate performs (where Y is the output and A, B, and C are inputs) is:  Y = AB + BC + AC
The AND function can be implemented by setting one value (A, B, or C) in the majority gate equation to a logical 0.  Similarly, the OR function can be implemented by setting one value (A, B, or C) in the majority gate equation to a logical 1.  This results in the logical AND/OR equations.  It is worth noting that because this property exists, and given the fact that it is possible to obtain the inverse of a signal value, the QCA logic set is functionally complete, and any logical circuit can theoretically be generated with only QCA devices.

More complex logical circuits (such as the multiplexor in Figure 3) can then be constructed from majority-gate converted AND gates, OR gates, and inverters, if not more clever combinations of simply majority gates.  (Note:  QCA cells labeled “anchored” in Figure \ref{fig:muxExample} are considered to have their electron polarization permanently frozen to successfully implement the AND and OR functions).
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The Clock in QCA

This section will discuss the role that a clock will play in circuits and systems of QCA cells.  This will be followed by a generic explanation of what effect a clock will have on data movement which is of specific importance to those worried about the design of computational systems.  A brief example will follow and the section will conclude with a discussion of clocking mechanisms geared toward implementation.

The Purpose of the Clock

Without providing specific or implementation related detail (later sections will do that) it is nevertheless important to note that the specific role that the “clock” plays in circuits and systems of QCA cells is to provide power gain.  Inevitably, in a long wire of cells, QCA signal energy could be lost to irreversible processes in a circuit's environment and somehow must be replaced.  Gain must come from some source external to the QCA cells themselves, and is necessary to ensure that the binary 0s and 1s that the cells encode propagate through a circuit as the specific data signals that they were intended to represent \cite{Timler1}.  

A CMOS Clock vs. the “Clock” in QCA

In standard CMOS, the clock is generally considered to be a signal that precisely controls the time at which data bits are transferred to or from memory elements (i.e. flip-flops).  A typical clock signal usually has two phases -- high and low.  For instance, when the clock signal is high, the data bit of a flip-flop can be written and when it is low, no data can be written to the flip-flop.

In QCA, the clock is not a separate wire or port that would be fed into a circuit like any other signal.  Rather, it is typically viewed to be an electric field that controls barriers within a QCA cell, which in turn controls the movement of electrons from quantum dot-to-quantum dot within a specific cell.  Also, unlike a clock in a standard CMOS circuit, the QCA clock does not just have a high and a low phase, but rather four phases.  

A “Generic” 4-phase Clock

These four clock phases are illustrated in two different ways in Figure 4.  During the first clock phase (switch), QCA cells begin unpolarized with inter-dot potential barriers low.  During this phase barriers are raised and the QCA cells become polarized according to the state of their drivers (i.e. their input cells).  It is in this clock phase, that actual switching (or computation) occurs.  By the end of this clock phase, barriers are high enough to suppress any electron tunneling and cell states are fixed.  During the second clock phase (hold), barriers are held high so the outputs of the subarray that has just switched can be used as inputs to the next stage.  In the third clock phase, (release), barriers are lowered and cells are allowed to relax to an unpolarized state.  Finally, during the fourth clock phase (relax), cell barriers remain lowered and cells remain in an unpolarized state \cite{Lent3}.
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Individual QCA cells need not be clocked or timed separately.  The wiring required to clock each cell individually could easily overwhelm the simplification won by the inherent local interconnectivity of a QCA architecture \cite{Lent3}.  However, a physical array of QCA cells can be divided into zones that offer the advantage of multi-phase clocking and group pipelining.  For each zone, a single potential would modulate the inter-dot barriers in all of the cells in the given zone \cite{Lent3}.

When a circuit is divided into different zones, each zone may be clocked differently from others.  In particular, this difference is important when discussing neighboring, or physically adjacent, zones.  Such a clocking scheme allows one zone of QCA cells to perform a certain calculation, have its state frozen by the raising of interdot barriers, and then have the output of that zone act as the input to a successor zone.  It is this mechanism that provides the inherent self-latching associated with QCA.  During the calculation phase, the successor zone is kept in an unpolarized state so it does not influence the calculation or result in a signal propagating back upon itself.

In an example circuit, clocking zones are partitioned using three rules.  First, there are four “colors” of clocking zones, with all cells in each zone marked as having exactly one color.  Each of the four clocking zones corresponds to one of four different clock phases.  All zones with the same color receive the same phase clocks at the same time.  Second, no two zones that touch can have the same color.  Third, physically, neighboring zones concurrently receive temporally neighboring clock phases \cite{Lent3}.

Finally, it is important to stress exactly what is meant when referring to the QCA clock.  As mentioned above, the QCA clock has more than a high and a low phase but it is not a “signal” with four different phases either.  Rather, the clock changes phase when the potential barriers that control a clocking zone are raised or lowered or remain raised or lowered (thus accounting for the four clock phases).  Furthermore, all of the cells within a clocking zone are said to be in the same phase.  One clock cycle occurs when a given clocking zone (electric field generating mechanism) cycles through the four different clock phases.  Most importantly, the clock “traps” a group of cells in a specific polarization to provide gain.  This contrasts with conventional electronic devices where transistors are used to achieve power gain and logic-level restoration through pull-up/pull down mechanisms.

A Clocking Example
Figure 5 illustrates a five cell QCA wire (labeled “schematic” in the lower part of the figure) with each cell in a separate zone.  Figure 5 has four significant parts to it.  First, the figure is divided into five vertically shaded regions, each with the label “clocking zone x”.  In this example, each clocking zone contains one QCA cell and hence each cell exists in a different clock phase.  Second, the state of the wire is shown during five different time steps.  Third, the state transitions for cells that make up the wire are illustrated for each time step.  Fourth, this figure is divided into two parts by a thick black staircase line.  Only cells to the left of the black line will have a meaningful change of state with regard to the ongoing “computation” (or in other words, data movement), during the time steps illustrated in this picture.  Nevertheless, cells to the right of the black line must start in specific clock states to ensure that they are in the switch state when computed data arrives.  As can be seen from this example, clocking zones clearly “latch” data, as it is transferred from cell-to-cell.
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Clocking Mechanisms

Again, the role that the clocking mechanism plays in a QCA circuit or system is to provide a means for power gain and to ensure that a QCA cell does not settle into a metastable state.  In a metastable state a cell's polarization might encode a binary '1' as opposed to the binary '0' that it should represent (or vice versa).  The restoring energy provided by the clock works to ensure power gain and prevent metastable states.

Up until now we have described the clock in a very generic way to underscore what affects it will have on computer architectures.  However, it is now important to consider more implementation-related detail to ensure that as the areas of QCA design and QCA fabrication mature, resulting circuits and systems generated are not only are geared toward being buildable, but also so that design work can continue to be used to help drive device development \cite{Timler1}, \cite{Kummamuru1}.

The theory behind an implementable QCA clock will actually apply to either metal or molecular QCA cells and is based inherently in the cyclical manipulation of quantum wells to perform binary operations and move binary data.  Specifically, research focuses on systems that can be cyclically transformed between monostable and bistable states (one stable state and two stable states respectively), with the QCA clock controlling whether or not the system is monostable or bistable.  In other words the clock will control whether or not a device is active or null.  This allows some external input or driver (ideally another QCA cell) to control whether or not the cell is a 1 or a 0 \cite{Lent6}.

In detail, because of the clock, at the start of a computation QCA cells (a.k.a. the “system”) would begin in a monostable, restore state.  During the switch phase, an input potential is applied and the system is then converted from a monostable state to a bistable state by means of some external energy source -- the clock.  The binary state of the cell is then determined by the applied input potential.  The input signal should be small enough that it alone cannot determine the binary state of the cell and some external clocking mechanism is also required.  During the end of the switch clocking phase, binary information is latched in the system in the hold phase.  A cell in the hold phase can be used to drive another QCA cell.  Finally, the system is restored to its original monostable state and the process can begin again \cite{Lent6}.  The remaining discussion of QCA experiments will refer to these clock phases.

When compared to contemporary FET-based logic, this clocking scheme has the potential to dissipate significantly less energy.  If the potential profile changes slowly enough so that a cell remains close to its ground state at all times (quasi-adiabatically), the energy dissipated in the switching process can be lowered to below log(2) kT per binary operation.  The comparable energy for FET-based logic is 106 kT.  Overall, the induced inherent pipelining in QCA helps to alleviate problems related to the size of the non-clocked, edge driven QCA architecture imposed by thermodynamic considerations which can lead to metastability and also provides gain \cite{Lent6}.

To better explain how CAD can have a positive effect on a given buildability point for QCA, we will now explain how physical scientists envision the constructs of Figs. 1 and 2 actually being built.  Specifically, the discussion will center on molecular QCA.

QCA Devices:  In contrast to metal-dot QCA cells, the small size of molecules (1-5 nm) means that Coulomb energies are much larger, so room temperature operation is possible [5].  Also, power dissipation from QCA switching would be low enough that high-density molecular logic circuits and memory are feasible.  In molecular QCA, the role of a “dot” will be played by reduction-oxidation (redox) sites within a molecule.  A redox center is capable of accepting an electron and donating an electron without breaking any of the chemical bonds that are used to bind the atoms of the molecular device together.  Molecules with at least two redox centers are desired for QCA.  It is possible to build molecules with 2, 3, and 4 “dots” [5]. 
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Molecular QCA is discussed further in the context of 3-dot cells.  This molecule (Figure 6) forms a ‘v’-shape, and charge can be localized on any one of the three dots at the “points” of the ‘v’.  If charge is localized on one of the top two dots, the cell will encode a binary 1 or 0.  Whether or not charge is in the top two dots (the active state) or the lower dot (the null state) can be determined by an electric field (the clock) that will raise or lower the potential of the central dot relative to the top two dots [5].  2 and 4-dot cells can also have null states.  When considering basic cell-to-cell interactions, binary 1s and 0s are physically represented by the dipole moments of QCA molecules.  Dipole moments are formed by the way that charge is localized within certain sites of a QCA molecule, and how that charge can tunnel between these sites [7].  In the presence of a strong dipole, a larger Ekink is required to excite a cell into a mistake state [8].

Wires:  Earlier, circuit elements were shown and described in terms of 4-dot QCA cells.  Assuming molecular QCA, a 4-dot cell could simply be formed by two adjacent 3-dot or 2-dot cells, but are also being engineered as explicit molecules.  4-dot cells are ideal because of symmetry.  Binary information is stored and moved with quadropole moments and all the constructs/circuit elements shown in Fig. 3 are theoretically possible.

Substrates:  A pitch matching problem exists between the substrates to which molecular QCA devices could attach, and the devices themselves [9, 10].  Molecular devices are at most a few nanometers in length or width; lithography that might be used to etch attachment paths is limited to 200 nm and 10 nm in the cases of optical or x-ray/e-beam lithography (this is the current state of the art although 3 nm wide wires have been experimentally realized [5]).  Given these resolutions, it is currently not possible to create detailed patterns to which devices could attach to form computationally interesting, custom circuits [5].

One mechanism that might allow for selective cell placement and patterning is DNA tiles (a schematic is shown in Figure 7).   First proposed by Seeman et al [10], DNA tiles (branched DNA strands that self-assemble in a regular pattern) can form rigid, stable junctions with well-defined shapes, and can further self-assemble into more complex patterns.  Each DNA tile could also contain several points to which a QCA cell could attach.  Researchers have developed a DNA raft 37 nm long and 8 nm tall built from four 4 nm x 12.5 nm x 2 nm individual DNA tiles.  Each individual tile could hold 8 QCA cells.  Each portion of a raft has a different DNA sequence.  Consequently, molecular recognition could be used to differentiate locations on the raft to which individual molecules could attach – forming a “circuit board” for molecular components.  Individual tiles would self-assemble and parts of the circuit board could self-assemble in a similar manner.  Finally, DNA rafts could be attached to silicon wafers using a thick poly-adhesion layer – which would be most useful if silicon is used to form the clock circuitry.
The Clock:  For molecular QCA, the four phases of a clock signal could take the form of time-varying, repetitious voltages applied to silicon wires embedded underneath a substrate to which QCA cells were attached. Every fourth wire would simultaneously receive the same voltage and neighboring wires see delayed forms of the same signal [12]. The charge and discharge of the clocking wires will move the area of activity across the molecular layer of QCA cells.  Computation occurs at the “leading edge” of the applied electric field in a continuous “wave” (see Figure 8). 
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Error will be discussed further below.

Building Blocks

This first subsection will discuss the technological building blocks that will constrain our designs.  Substrates (DNA tiles), devices (QCA molecules), and support mechanisms (a silicon clock) will all be considered.

QCA Molecules

While QCA molecules are the real building blocks of any circuit (i.e. the devices), they have been discussed at length in Section \ref{ss-MolecularExperiments}, and no more that a few brief sentences about sizing will be included here.  Specifically, 8 molecular QCA cells (2-dot or 4-dot) should be able to fit onto one tile.  Center cell spacing for either type of device can be safely estimated at 1 nm, and individual cells do not require much more area than 1 nm2.  Thus, given a 4 nm by 12.5 nm tile, 8 cells per tile is not an unreasonable number.

Silicon Underneath

The final major component required for a functional design is some kind of clocking mechanism.  A current vision for the implementation of a clock for a QCA circuit calls for silicon wires embedded underneath a DNA substrate to which actual devices would have attached.  Charge would then move from wire-to-wire to actually generate propagating electric fields and when compared to the overall power budget, the power dissipated by this silicon circuitry should be quite low.  Adiabatic switching was discussed in Chapter \ref{ch-QCABackground}.

One other possible attachment mechanism currently under investigation involves the use of electron beam lithography (EBL) to create tracks along the surface of some substrate.  Ideally, these tracks would dictate attachment points for QCA cells which would then inherently form logical and computational QCA circuits with functionality determined by the pattern of assembly \cite{Lieberman1}.  The overall process envisioned is as follows:  first, a molecular QCA cell would be engineered that will pack and assemble properly on a self-assembled monolayer (SAM) on top of a silicon surface.  (A SAM is a uni-directional layer formed on a solid surface by spontaneous organization of molecules.)  Second, I/0 structures would be constructed lithographically.  Third, tracks would be etched into the self-assembled monolayer (SAM) on top of a silicon surface with EBL.  Finally, the resulting “chip” would then be dipped into a bath of QCA cells for self-assembly with devices binding to the etched tracks.  In this manner, the “chip” would acquire its functionality \cite{Lieberman1}.  Current work with EBL involves a beam with a primary diameter of 5 nm.  However, because of the dispersion of secondary electrons, only tracks that are 30 nm in width have been produced.  Also, the tracks are seven Angstroms deep on a 20 Angstrom “deep” monolayer \cite{Lieberman1}.

Design Rules
Historical Precedence

Before considering design rules in the context of QCA, a brief discussion of what impact they have had on the computer engineering community is worthwhile.  This will take place largely in the context of the original rules Mead and Conway proposed for MOS.

Motivation for Mead and Conway's Design Rules

In the pre-Mead/Conway era (1960's-1970's), chip development flow usually had system architects express a design at a high level (such as Boolean equations), and then turn it over to logic designers, who converted the designs into “netlists” of basic circuits.  Fabrication experts would then lay out implementations of the individual logic blocks, and just “wire them together.”  Interaction between the architects and the fabrication experts was limited.  In terms of technology, MOSFETs were considered “slow and sloppy” and the real design was in sophisticated bipolar devices.  However, with the advent of VLSI electronics, the way that digital systems were structured, the procedures used to design them, trade-offs between hardware and software, and the design of computational algorithms for integrated electronics all changed \cite{Conway1}.  In a sense, integrated electronics required integrated design, and a common language for system architects and fabrication experts was required.

What Mead and Conway Did

When considering chip lithography, it is important to note that there is a clear separation between the fabrication of wafers and the design work that generates the patterns to be placed on them.  However, for this separation to be possible, the designer will (at least indirectly) require specific knowledge about the resolution and performance of a given processing line.  In other words, the designer needs information about how physical devices are actually made.  With MOS circuits, this information was (and still is) usually provided in the form of geometries.  If a circuit's layout conforms to certain patterns, a designer can be assured that a particular layout will conform to the resolution of a particular fabrication process.  Consequently, a fabricated chip should work as intended \cite{Conway1}, \cite{Rabaey1}.   With MOS, geometries are usually specified in the form of allowable widths, separations, extensions, and overlaps between various components of a circuit.  The values used to specify these parameters are usually a function of a given process, take into account lithography limitations, and usually add a margin for error.

Otherwise stated, design rule geometries exist to minimize the risk of fabrication errors, and are usually specified as multiples of a unit length .  For example, when designing a circuit, two polygons representing two metal wires might have to be 'n'  apart to ensure that a fabricated version of this circuit will actually work.  s for various physical integrated circuit components presented by Mead and Conway were originally abstracted from a conglomeration of processes.  Values given to them continued to scale downward over time as lithography improved and define micron rules.  A resulting benefit was that, if specified in s and lithography scaling held, a design targeted for one process could be transferable to another.

The above paragraph provides a general description of  design rules.  It is also worth a brief discussion of micron rules.  When scaling in the sub-micron range, relationships between layers can scale non-linearly (they are usually valid in the 1-3 micron range).  Additionally, scaling rules are often (necessarily) conservative.  Thus, with maximum densities desired by industry,  rules are usually avoided and are replaced by micron rules which specify explicit distances associated with parts of a CMOS circuit.  However, both provide the computer engineer with knowledge that we seek to duplicate for QCA \cite{Rabaey1}.

Technical Merits of Mead and Conway's Work

At a high-level, by developing a set of design rules and abstractions that a computer architect could use in the circuit design process, Mead and Conway changed the focus of design from considering a chip “in cross section”, to “an overhead view.” They reduced the physics-dependent device descriptions to a scale-independent set of parameters based largely on area and shape, with some simple rules for first order modeling of how such devices would interact in combination with each other.  They also introduced some simple but useful circuit primitives that changed the discussion from isolated logic gate performance to interconnect.  This allowed architects (who became experts in hierarchical designs) to extend their hierarchies one level down to potentially new basic structures.  This in turn let architects take advantage of these structures in implementing larger and larger systems.  The introduction and use of clever circuits using pass transistors is just one example of such an insight.

When considering design rules, one VLSI-design text author writes, “Turning a conceived circuit into an actual implementation also requires a knowledge of the manufacturing process and its constraints.  The interface between the design and processing world is captured as a set of design rules that act as prescriptions for preparing the masks used in the fabrication process of integrated circuits.  The goal of defining a set of design rules is to allow for a ready translation of a circuit concept into an actual geometry in silicon.  The design rule acts as the interface between the circuit designer and the process engineer.  As processes have become more complex, requiring the designer to understand the intricacies of the fabrication process is a sure road to trouble \cite{Rabaey1}.”
The above paragraph was originally included in a discussion of Mead/Conway-esq design rules in Rabaey's VLSI text.  It is included here as it summarizes the purpose of design rules for MOS, and because words such as “masks” and “silicon” could easily be swapped with words related to a specific nano-scale device -- and the ideas would still apply equally well.  System designers are generally interested in the densest, most efficient designs possible (in whatever technology), while a process engineer or device designer is mainly concerned with a methodology that offers a high percentage of chips that work, and can be fabricated in an efficient, reproducible manner \cite{Rabaey1}.  Design rules are viewed as the compromise to satisfy both groups.  Given this, and that this dissertation has already shown that systems-level research can have a positive impact on device development, working to develop design rules for emergent devices will hopefully allow computer architects to become involved with nano-scale devices.  This should help us toward our goal of working nano-systems sooner.

Components of a CMOS Design

Before discussing relevant background for QCA designs, as well as the design rules themselves, we will first review the components for CMOS circuits and the design rules for them.  How design rules capture sources of error will also briefly be discussed.

Basic Structures

Generating a design in CMOS requires at least an implicit knowledge about the set of masks that are used to actually fabricate it.  The exact details of the fabrication process are abstracted to that a designer can just think of a CMOS circuit as being comprised of the following circuit elements:

· Substrates for wells (p-type for NMOS, n-type for PMOS).
· Diffusion regions which define areas where transistors can be formed.  Diffusions of an inverse type are required to form contacts to the wells on substrates.  These are called select regions.
· Polysilicon forms the gate electrodes of transistors and also serves as interconnect.
· One or more layers of metal (also used for interconnect).
· Contacts to provide connections between lines and circuit elements in various layers.

Thus, a design layout will consist of a combination of polygon geometries all of which represent one of the items listed above.  The shapes are attached to a specific layer and, along with interplay between objects in different layers, specify the functionality of the circuit.  For example, a MOS transistor is formed when polysilicon crosses a diffusion layer \cite{Rabaey1}.

Types of Rules

When considering design rules for CMOS, all of the entities discussed above, as well as the interactions between them, can be specified by assigning ranges to their allowable geometries.  The ranges apply within a layer and are:  the minimum width of an entity to guarantee current flow (i.e. in poly or metal), the minimum spacing between entities on the same layer (i.e. to prevent a short circuit between two wires), and the required overlap to create devices, contacts, etc. \cite{Rabaey1}.  As an example, when considering metal, s include the minimum metal width (2-3 ), the minimum spacing between metal lines (3 ), and the minimum metal overlap of a contact \cite{Weste1}.

Sources of Error

In Mead and Conway's original work, unit length  was equal to the fundamental resolution of the process itself.  It captures the distance by which a polygon (and hence actual circuit component) can stray from another polygon on the same (or another) layer and still function correctly.   also encompasses an additional “margin of error” as well as other processing factors.  Using the above and the last two sections as context,  design rules should help computer engineers avoid (or at least minimalize) errors inherent to the fabrication process.  For CMOS, these include:  over etching, misalignment between mask levels, distortion of the silicon wafer (“runout”) due to high temperature processing, and overexposure or underexposure of resist.  Or, from a circuit designer's perspective:  if a structure is not where its intended to be, if a structure is too wide or too narrow, the diffusion rates of values, and the heights of structures in circuits with multiple layers of metal \cite{Conway1}.

The Beginnings of Design Rules for QCA

The previous sections detailed why design rules have been historically useful for computer engineers, and also what they accomplished for CMOS.  Using this as a guide, the purpose of this section is to detail the initial questions that led us to the list of parameters that would be of interest to a computer engineer, in the context of QCA.  Specifically:

· What is the QCA equivalent of ?
· What factors will govern ?
· What sources of error will affect design?
· Will the QCA clock (or another component of fabrication) create the need for a second ?  Will it affect an original 
· How will the switching times for QCA cells and the QCA clock be related?
· How does the idea of floorplanning factor into design rules?  
· Will attachment and substrates govern cell placement?
· What about I/O to the non-nano world?

Using these questions as a base, Section \ref{s-QCADesignRules} will define the parameters that must eventually be compiled and enumerated and will propose some sought after generalizations by attempting to answer some of the questions listed above.  We will generate a “process independent” list of values that must be defined when given a specific fabrication methodology -- just as Mead and Conway did for MOS.  However, like we did here with CMOS, we will first specify the basic structures that a circuit designer would need to use when generating a QCA schematic intended for fabrication.  Sources of error related to fabricating systems of molecular QCA cells will also be considered.

QCA Basic Structures

This section is directly analogous to Section \ref{ss-CMOSBasicStructures}.  A CMOS circuit can be constructed from substrates, wells, diffusion regions, select regions, polysilicon, metal, and contacts.  The building blocks for circuits of molecular QCA cells will be detailed here.  (Note that most of these entities have been considered in detail in Chapter \ref{ch-QCABackground} and unless appropriate, will otherwise just be listed here).

QCA Device Types
· 90-degree molecular QCA cells:  see discussion in Section \ref{ss-MolecularExperiments}, particularly two-dot, three-dot, and four-dot implementations.
· 45-degree molecular QCA cells:  again, refer to the sections just listed.  Also, remember that this will be a function of attachment as well.
· “permanent cells”:  when considering an FPGA design targeted for implementation in Section \ref{s-FPGAs-Through}, some kind of cell permanently engineered to represent a binary 1 or 0 was used.  A similar type of device was discussed earlier when explaining how a majority gate could implement AND/OR functionality.

(It is worth briefly reconsidering two-dot versus four-dot cells in the context of molecular QCA.  Recall that, while researchers are currently working to develop four-dot QCA molecules, much of the early work with specific device implementations has focused on two-dot QCA molecules.  However, a designer could simply place two, two-dot cells adjacent to one another and gain the functionality of a four-dot cell.)

Clock Structures

Currently, silicon is envisioned as a means for implementing a clock for molecular QCA cells.  Why the clock was useful was discussed in Section \ref{ss-ClockingMechanisms}, while possible implementations were explained in Section \ref{ss-MolecularExperiments} in the “molecular clock implementation” subsection.

Bases

Two substrates envisioned for systems of molecular QCA cells were also discussed in Section \ref{sss-Substrates} in the “Attachment” subsection:  etching patters to which cells would attach with EBL, and using DNA tiles to hold devices.  For additional detail, refer to Section \ref{s-FPGAs-Through}.

QCA Fabrication Sources of Error

As with CMOS, for QCA, we eventually want to help qualify and quantify potential sources of error for the circuit designer in the form of design rules.  For molecular QCA, most sources of error arise from issues of placement, off-centeredness, and the self-assembly process.  All are shown graphically in Figure 9.  In particular, Figure 9a and Figure 9b illustrate that if a cell does not attach where it should (a), the required distance between two QCA cells (b) might be affected.  Other sources of error related to off-centeredness include cells that are not exactly aligned (c), cells with the wrong rotation (d), and cells that are off-center with regard to the y-dimension of a circuit(e).  While not yet defined, and not an explicit part of a design rule, we will eventually want to quantify rates for each one of these “defects”.  This will give the system designer an initial notion of error rates and circuit functionality when provided with a finished product -- and also could allow the designer to think about required redundancies \cite{Lieberman2}.


[image: image8]
It is also important to begin to quantify what affects the sources of error listed above will have on the storage and movement of binary data.  For this reason, we provide a short qualitative discussion of possible electrostatic interactions between molecules.  Possible interactions are listed and illustrated in Figure 10 and include:  interactions between the charges, interactions between a charge and a dipole, charge induced dipole interactions (an anion or cation may induce a dipole in a polarizable molecule and thus be attracted to it), dipole induced dipole interactions (the same as before but now the anion or cation is a permanent dipole), dispersion (when 2 molecules are very close together, their charge fluctuations are synchronized and have an attractive force), and the van der Waals radius (the distance between two molecules such that there outer electron orbitals begin to overlap creating a mutual repulsion between the molecules).  To what degree each of the interactions just listed is a function of the distance between entities (d) is also shown in Figure 10 \cite{Biochemistry2}.
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To provide a flavor of how some of these interactions can affect QCA cells, refer back to Figure \ref{fig:6-16} which plots kink energy as a function of driver dipole strength.  As one can clearly see, in the presence of a stronger driver dipole, the energy required to induce a mistake state increases; and from our above discussion, strong dipoles are a function of the distance between them (d).  Thus, intuitively, closer dipoles imply stronger energies of interaction, while greater distances imply weaker dipole interactions and lower kink energies.  As another example, recall that one disadvantage to using DNA as an attachment substrate is that it brings background charge with it.  As seen in Figure 10, the energy of interaction between a charge (i.e. from the DNA) and a dipole (a QCA molecule holding a 1 or 0) is proportional to 1/d2 -- and thus will have a greater (and negative) influence then the desired dipole-dipole interactions.  Charge-dipole interactions could provide a kink energy and as a result cause a mistake.

All of the electrostatic interactions illustrated in Figure 10 (whether positive, negative, or applicable at all), must be considered in the context of the specific components of a molecular QCA circuit implementation and will eventually help quantify error tolerances in a schematic.

QCA Design Rules

This section will describe a preliminary set of design rules for QCA.  We will first consider any analogs to CMOS and then specify more specific rules for molecular QCA.

How They Are Analogous to CMOS

The general defining rules for components (i.e. polygons) in a CMOS layer were listed in Section \ref{ss-CMOSTypesOfRules} and included specifying minimum widths, minimum wire spacings, and required overlaps.  Each will be considered in turn in an effort to provide some initial “guides” for each QCA design rule:
· Minimum width to guarantee flow:  There is no direct analog in molecular QCA circuits until you begin to consider “thicker wires”.  As with simple cell interactions, the error rates associated with molecular wires will be affected by the amount of energy required to excite one cell in it into a mistake state.  Cell placements, stray particles, etc. can all contribute to kink energy.  The designer should be aware that “thicker” wires (i.e. 2 or 3 cells thick) can raise kink energy.  For example, for a wire one cell wide, simulations show that with molecular QCA cells the energy required to excite the system into the mistake state is about 600 meV.  However, for a wire 3 cells thick, this excitation energy rises to approximately 1.5 eV -- a much more robust system \cite{Blair1}.

· Minimum wire spacing for separations:  As with metal wires in CMOS circuits, molecular QCA wires will also have to be a certain distance apart from one another to ensure that there is no cross talk or short circuits between them.  Distance between individual cells in a wire will also have to be defined to ensure a value is propagated.  Additionally, clock wires must be laid out as well to generate required electric fields.  (CMOS design rules would obviously apply here if silicon is used to build the clock circuitry).

· Overlap rules to create devices and contacts:  When considering overlap, we must ensure that all cells are ``clocked'' by an electric field and thus space silicon wires accordingly.  QCA analogs to overlap also include crossovers between 45-degree and 90-degree cells and the inputs of a majority gate.

Given a possible self-assembly process and the potential for defects, we should also consider what the maximum possible spacing is between cells that will still allow for signal propagation.

Specific Rules

We will now consider an initial set of design rules for molecular QCA.  This design rule schema will qualify what a circuit designer will need to consider when building a schematic of QCA cells.

Cell Spacing

Our first design rule(s) (1A and 1B in Figure \ref{fig:dr1}), consider(s) spacing between two molecular QCA cells.  Specifically, what is the maximum allowed and minimum required distance between two cells such that they will still transmit data?  In Figure \ref{fig:dr1}, these distances are labeled xmax and xmin and specific values would be governed by: substrates to which QCA cells can attach, Ekink (i.e. background charge with energy of interaction proportional to 1/d2 could cause it), and dipole interactions between cells (proportional to 1/d3).  Also, xmin will provide an initial upper bound on maximum device densities.

[image: image10]
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\includegraphics[width = 5.5in]{figures/6-3.eps}

\caption{Design rules 1A and 1B for molecular QCA cells spacing.}

\label{fig:dr1}
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Fig. 1:  4-dot QCA cell
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Fig 8:  A possible clock implementation





Fig 6:  Schematic representation of molecular QCA
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Fig 9:  Possible sources of error in systems of molecular QCA cells.  Missing cells (a), wrong distance between cells (b), offcenter cells (c), rotated cells (d), and offcenter cells in the “y”-dimension (e).
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Fig 10:  Possible electrostatic interactions – all could positively or negatively affect interaction/communication between molecular QCA cells.
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Fig. 2:  A QCA majority gate (a), 90-degree wire (b), 45-degree wire and ripper (c), wire cross (d), and error relationships (e).
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