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As the dominating CMOS technology is fast approaching a
“brick wall,” new opportunities arise for competing solutions.
Nanoelectronics has achieved several breakthroughs lately and
promises to overcome many of the limitations intrinsic to current semiconductor approaches. Most of the results in this area
reported until now focus on devices and interconnect; this work
goes several steps further and presents issues related to circuits
and architecture. Based on proposed nanoscale interconnect and
device structures, we explore the design space available to the
nanoelectronic circuit designer and system architect.
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I. INTRODUCTION
While traditional silicon electronics should continue industrial dominance for the next decade, novel nanoelectronic
solutions will be needed to surmount the physical and economic barriers of current semiconductor technologies and
continue along the exponential projections of Moore’s Law.
Although most new nanoelectronic solutions are still in their
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infancy, they present the potential for unprecedented levels
of device density, low power computing, and tight integration with other biological and chemical functions such as
sensors. Recent progress in molecular nanoelectronics provides hope that functional large-scale nanocircuits will be viable in the not too distant future. Common to many of these
emerging nanotechnologies is the assumption that some form
of self-assembly will be required to fabricate nanoscale circuits. Until recently, the focus has been mainly on materials
and device science and engineering, but recent work suggests that the field is ready to undertake the challenge of integrating numerous devices into functional circuits. Viable
concepts for molecular integrated circuits are starting to appear [1]–[3].
Just as the design of modern CMOS circuits relies heavily
on abstraction due to increased design complexity, so must
nanoelectronic-based circuit design. Abstraction is used to
allow for design entry at the gate level, the logic level, and
on up to the architecture level. This abstraction-based design
methodology has been successful primarily due to accurate
modeling, which allows for simulation at different levels. A
high-level design can be validated without going through the
lengthy computer-aided design (CAD) processes of deabstraction to the physical design level. For this methodology
to be effective for nanotechnology-based circuit and system
design, accurate models must be developed up through the
abstraction hierarchy. Not only must individual device characteristics be modeled, but also their behavior when interacting with other devices to form gates and so on up the
hierarchy.
Such models are necessary not only to ensure proper functionality via reliable high-level simulation but also to establish accurate cost functions for all relevant figures of metrics.
Area, performance, power, reliability, and other metrics must
be accurately modeled to enable synthesis, mapping, and
physical design algorithms to implement circuits of minimal
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cost, as evaluated by the cost function. These models are
essential for designers to establish the proper cost function
based on the metrics of greatest importance to their design
goals.
The purpose of this paper is to explore approaches to
designing molecular electronics above the device level.
Intentionally we look mainly at the class of electronic
nanoscale solutions that are amenable to self-assembly,
which for the time being are mostly limited to two-terminal
devices.1 Questions addressed include the following. How is
molecular computing technology viewed from a circuit and
technology perspective? How are the devices modeled and
treated at circuit-level abstractions? How can digital logic
circuits be built from available devices? What are the logic
architectures that are potentially useful given the nature
of the underlying technology? This paper is organized to
address these questions in the sequence described.
II. NANO FABRICATION
The differences between molecular electronics and traditional CMOS are nowhere greater than in how the circuits
will be fabricated. Typical molecular switches are typically
only 2 nm long. They are synthesized in a test tube, rather
than defined using dopants or epitaxy on solid state materials. Therefore, fabricating integrated circuits (ICs) out of
molecular electronic devices requires a very different approach than is used in conventional IC fabrication.
The most interesting of the proposals, at least in long-term
potential, are aimed at assembling circuits using bottom-up
manufacturing, as opposed to today’s top-down approaches.
Bottom-up manufacturing is a hierarchical approach that first
creates the individual components and then assembles them
together into ever larger structures. This approach has the potential advantage of reducing the manufacturing precision required, thus reducing the cost of creating chips. Furthermore,
it appears that it may be the only method which can scale
both in the number of components assembled together and in
the sizes of the individual components. It has the drawback
that, unlike photolithography, it may not be able to create the
components and their connections simultaneously. In addition, the hugely complex and highly controlled patterns enabled by photolithography will likely be impossible with nanoelectronic fabrication techniques.
The first step in bottom-up manufacturing is to create the
devices and wires. There has been tremendous progress in
this area. Researchers have created a variety of interesting
molecular devices, including resonant-tunneling diode
(RTD) devices [4], [5], programmable molecular switches
[6], carbon nanotube transistors, [7] and diodes [8], to
name but a few. Wires which have diameters of only a
few nanometers have also been fabricated: single-crystal
nanowires [9]–[12] and carbon-nanotube wires [13] are but
a few of the many conductors that have been created. Some
1Note that there are also some organic electronic devices with sizes much
larger than the nanometer range. Such large devices, while useful in special
low-cost applications, will automatically lead to low levels of integration
and are not further considered in this paper.

Fig. 1.

Different scenarios using flow based assembly.

nanoscale wires can be used as more than just conductors,
they can also be used as active devices [7], [14], [15].
Bottom-up, scalable integration techniques include Langmuir–Blodgett films, flow-based alignment, nanoimprinting,
random assembly, biologically assisted assembly, self-assembled monolayers, and catalyzed growth. The common
feature among all these techniques, with the possible
exception of nanoimprinting,2 is that they can only form
random or regular structures. An additional characteristic is
that the resulting structures usually contain some defects;
i.e., the results are not perfect. Finally, it is not possible
to predetermine exactly where a particular element will be
located in the structure. That is, one cannot deterministically
assemble an array of different types of wires into a particular
aperiodic pattern.
To date, the most complex structures made using scalable
bottom-up techniques are two-dimensional (2-D) meshes of
wires.3 For example, fluidic assembly was used to create a
2-D mesh of nanowires [11]. The nanowires are suspended
in a fluid which flows down a channel. The nanowires align
with the fluid flow and occasionally stick to the surface they
flow over. The average spacing between wires and the wire
density can be controlled by varying the rate and duration
of the flow. Further refinements can be made by patterning
the underlying substrate with different molecular end-groups
to which the nanowires will show preferential binding. By
performing the flow operation twice, first in one direction
and then in the orthogonal direction, arrays of wires at right
angles can be formed.
The above method points out the possibilities and the limitations of bottom-up assembly. On the positive side, one can
form one-dimensional arrays and 2-D meshes of nanowires
[Fig. 1(a) and (f)]. Drawbacks to this method include its imprecision and lack of determinism. Wires will rarely all be
equidistant from each other [Fig. 1(b)]. Wires that should be
parallel may intersect [Fig. 1(c)] or be askew [Fig. 1(d)]. The
wires may be parallel, but may be offset from each other
2Nanoimprinting has been used successfully to create lithographic-like
structures. However, the process of creating masters combined with direct
contact printing may limit the smallest achievable pitch [16]. Further, it will
difficult to precisely align the multiple masks.
3An exception exists for the recent advances in DNA-based assembly, e.g.,
[17]–[19] DNA-based assembly has been known to create ordered structures
with heterogeneous materials. However, DNA-based methods are even less
developed than the methods we explore here.
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[Fig. 1(e)]. Finally, it is not possible to create a predetermined, aperiodic pattern of different types of wires. The resulting arrays may contain shorts [Fig. 1(c)] or open connections [Fig. 1(g) and Fig. 1(h)]. Finally, the technique can
never deterministically produce complex aperiodic arrangements of the wires.
Another approach for creating crossbars is to use nanoimprinting, in which a master is made using techniques such
as electron-beam lithography. The result is a stamp that has
ridges and trenches. When the master is pressed onto a target
surface, usually coated with a soft material, such as plastic
deformation magnetic assembly (PDMA), the result is that
the pattern on the master is transferred to the target. The resulting surface can be then be functionalized. For example,
the trenches on the target can be filled with metal to create
wires. Researchers at Hewlett-Packard (HP) have recently
used this technique to make a 64-b molecular memory. They
use the master to create parallel wires in one direction, fill
the trenches with wires, coat the surface with a molecular
switch, and then rotate the master by 90 to make a second
imprint. The result is a crossbar made with 40-nm-wide wires
at a pitch of slightly more than 100 nm. At each junction
between two wires, there are approximately 1000 molecules
which can serve as a bit of memory.
A. Implications on Circuits and Architectures
The use of self-assembly as the dominant means of circuit
assembly imposes the most severe limitations on nanoscale
architectures: it will be difficult to create either precise alignment between components or deterministic aperiodic structures. Chemical self-assembly, as a stochastic process, will
not always produce precise alignment of structures, and manipulation of single nanoscale structures to construct largescale ordered circuits, as currently built in silicon, is impractical. Furthermore, the methods used to assemble nanoscale
components are most effective at creating random, or, at best,
crystal-like structures. These two facts have significant implications on the kinds of circuits and structures that can be
realized at the time of fabrication.
The structural implications of bottom-up assembly are as
follows.
1) Two-terminal devices are preferred. The easiest devices to incorporate into a circuit will be devices with
two terminals, e.g., diodes, configurable switches, and
molecular negative-differential resistance (NDR) devices. It is much easier to bring two terminals into precise proximity than three.
2) Connections by overlapping wires. Lack of precise
alignment means that end-to-end connections between
groups of nanoscale wires will be nearly impossible
to achieve. A scheme where all connections between
nanoscale wires occur only when the wires are orthogonal and overlap, reduces the need to precisely
align the wires.
3) Meshes are a common basic unit. Since practical foreseeable nanocomputer design will have to rely on the
placement of active components at wire intersections,
1942

many concepts rely on using a crossbar array or mesh
as a basic repeated unit. More complicated structures
will have to be created either by combining meshes together or cutting the wires in a mesh to break it up into
subarrays.
4) Randomness has to be accepted. Random assembly is
a matter of fact. There are different ways of viewing
randomness. One is to view it as a defect pattern that
has to be coped with, e.g., a crossbar array with a
number of shorts and opens in it. Another is to use elements to program around defects or to create higher
levels of order—for example, using programmable devices as fuses or antifuses.
5) Nanoscale to microscale connections will have to be
sparse. A direct implication of the size difference
between the nanoscale and the microscale is that
connections between the two will have to be few. If
there are many connections between the two worlds,
the density of the nanoscale components will be dictated by the density of the microscale. For example,
using a demultiplexor to connect microscale wires to
nanoscale wires would at any particular instant allow
one of nanoscale wires to be addressed using
microscale wires. As
grows large, the nanoscale
wires, not the microscale wires, dominate the device.
The architectural implications of molecular electronics
and self-assembly are as follows.
1) Fine-grained reconfigurable. The most likely assembly processes are best at creating crystal-like
structures, e.g., 2-D meshes. Thus, the resulting structures cannot directly implement a complex, aperiodic
circuit. To create useful aperiodic circuits will require
that the device be configured after it is manufactured.
2) Defect tolerance. The stochastic process behind
molecular self-assembly will inevitably give rise to
defects in the manufactured structures. Instead of
defect densities in the range of one part per billion
(as one gets in silicon), defect densities for bottom-up
assembly may be as high as a few percent. The architecture will have to be designed to include spares,
which can be used in place of defective components.
Another useful design criterion will be to ensure that
when a set of components is assembled into a larger
structure, i.e., wires into parallel wires, the individual
components are interchangeable. For example, in a set
of parallel wires, it should not matter a priori which
working wire is used to implement a particular circuit.
Rather than attempting to eliminate all the defects
completely with manufacturing techniques, one can
also rely on postfabrication steps that allow the chip
to work in spite of its defects. A natural method of
handling the defects, first used in the Teramac [20],
is to design the device to be reconfigurable and then
exploit its reconfigurable nature. After fabrication,
the device can be configured to test itself, the result
of testing being a map of the device’s defects. The
defect map can then be used to configure the device to
PROCEEDINGS OF THE IEEE, VOL. 91, NO. 11, NOVEMBER 2003

implement a particular function in a way that avoids
or incorporates the detected defects.
3) Locality. As devices and wires scale down to molecular dimensions, the wires become an increasingly
important part of the total design. This is true
not only for molecular computing, but also for
end-of-the-roadmap CMOS [21]. Architectures with
significant locality (and, thus, the ability to communicate most frequently over shorter wires), will have an
advantage.
III. NANODEVICES AND MODELS
We begin our discussion of molecular electronics abstractions by examining molecular device modeling. The push to
scale electronics to nanometer dimensions is bringing new
device phenomena to the forefront. Experiment and theory
show nanoscale devices may exhibit nonclassical characteristics due to electron energy discreteness, electron tunneling,
and Coulomb blockade effects. Although some of these phenomena may be considered parasitic in conventional devices,
it is possible that nanoelectronic circuits and systems may
achieve greater performance through the utilization of such
nonclassical behavior. As discussed above, modeling the behavior of nanoscale devices in a manner that allows complex circuits to be simulated in a reasonable amount of time
requires new approaches to device modeling. Furthermore,
with the field of nanoelectronics being in such an infant stage,
there have been many new devices proposed. The ability to
quickly and easily create robust device models will aid device
designers and circuit designers in evaluating the applicability
of new devices.
Many efforts are underway for developing solid-state
models for nanoscale systems [22], [23]. However, the majority of the higher level work in molecular nanoelectronics
has for the most part skipped the circuit level and focused on
architectures [24]–[27]. Thus, modeling molecular devices
at the level of abstraction needed for circuit design requires
a jump start to fill the gap between the device level work
and the architectural proposals.
The conventional method for modeling devices for use in
circuit simulation, such as MOSFETs, incrementally builds
on a well-established model framework. However, newly designed nanoscale devices do not have this legacy and need
to be modeled from the ground up. Furthermore, because the
nonclassical characteristics observed in these devices and the
underlying physics are not yet completely understood, it is
difficult to develop compact physics-based models for all the
devices that require evaluation at the circuit level.
We classify underlying modeling approaches as
physics-based, component-based, and empirical models.
Previous work on nonclassical device models for SPICE
simulation includes models for RTDs [22], [28] and
single-electron transistors (SETs) [23]. The RTD models
mentioned above exhibit the two extremes for modeling and
implementation approaches. Bhattacharya and Mazumder
[22] have developed a physics-based RTD using the compact RTD equations presented in [29]. This compiled model
was added to the open-source Berkeley SPICE simulator.
The advantages of this model [22] include fast and robust

Fig. 2. Two-terminal UDM with parameterized contributions for
a variety of fundamental effects (capacitance, resistance, themionic
emission, NDR, and Coulomb blockade).

simulation, since it is compiled with the simulator and
contains underlying equations based on physical parameters.
However, the downsides include a difficult implementation
and reduced model flexibility. On the other hand, Yan and
Deer [28] present an empirical interpreted model added
to PSPICE. While this model provides an easy implementation, which increases flexibility, it incurs increased
simulation time because it must be interpreted. Furthermore,
the empirical nature of the model loses any connection to
the underlying physical structure of the device. The SET
“macromodel” presented in [23] corresponds to what we
call a component-based approach, since the complete model
is built from multiple components with simple behavior.
While previous solutions for nanoelectronics have demonstrated the many options in device modeling, the variety
of emerging nanoscale devices without compact physical
models calls for a robust modeling methodology capable
of developing models in an automated fashion. Based
on the fundamental classical and quantum phenomena in
nanoscale devices, we proposed a generic universal device
model (UDM) for two-terminal devices [30] that captures
the device behavior such that circuit design and simulation
become possible at the nanoscale level.
Our concept for the UDM uses empirical equations that
describe each fundamental quantum and classical effect
that may be relevant to an electronic device. Since the aim
of this model is to promote the design and simulation of
circuits containing nanoscale devices, the fundamental effects are represented in terms of their current versus voltage
(I–V) characteristics. The properties currently included in
the model are resistance, thermionic emission (diode-like
behavior), resonant tunneling (RTD-like behavior), and
Coulomb blockade (SET-like behavior) effects. Implicit
resistors in series with each of the four parallel effects are
also included to model imperfect interfacing and linear
slopes in the I–V curve.
With the various parts of the UDM defined, the current
can be obtained from the combination of all contributing
phenomena [30], as can be seen in Fig. 2. There are four
“basis” functions, each representing a separate physical phenomenon, which construct an overall dc model that typically
is a combination of multiple such phenomena (e.g., the RTD
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Fig. 3. Generic I–V characteristic of an RTD as the combination
of a tunneling effect with a thermionic effect. A positive differential
resistance (PDR) region is followed by an NDR region with an
underlying exponential increase in the base current.

Fig. 4. Generic I–V characteristic of a Coulomb blockade device
as a step-like behavior with a an implicit resistive effect that
provides the slope in between the steps.

in Fig. 3 is formed by combining tunneling and thermionic
functions, while the Coulomb blockade in Fig. 4 uses a single
function). In addition to the parameters of each individual
function, weights are assigned to each phenomenon to control the magnitude of the contribution, enabling the UDM to
mimic almost any two-terminal device. The current equation
including all of the contributing factors and their respective
weights is given by

(1)
One goal of the UDM is to provide a method for rapidly
using a device with characterized behavior in circuit simulation without investing time in coding a device model or modifying a simulator. The input required for extracting the UDM
parameters is a file containing a set of current and voltage
data points, i.e., points along the I–V curve. The data file is
1944

fed to a UDM parameter extraction tool. The extracted parameters are then used during simulation to customize the
UDM to the desired device. The UDM can, thus, be used
to model devices characterized either theoretically or experimentally, providing the I–V curve is described by a set of
data points.
Fig. 5 shows the device extraction flows using the UDM
for both of these approaches. The upper portion of Fig. 5
shows the theoretical design flow, whereas the lower portion of the figure depicts the experimental design flow. The
I–V curve in Fig. 5 from the theoretical design flow was obtained using Purdue’s Huckel-IV simulator [31], while the
I–V shown in the experimental design flow was recreated
from the molecular RTD in [32]. The key aspect is that the interface to the UDM parameter extraction tool is an I–V curve.
The right portion of the figure illustrates that a schematic can
contain different devices modeled by the UDM either from
theoretical or from experimental data. The schematic shown
in Fig. 5 is a design for an XOR gate [33]. We use this example
simply to illustrate the UDM design flows, as the particular
device characteristics in the figure would not yield a functional gate.
In addition to nonclassical behavior, many nanoelectronic
devices exhibit hysteretic I–V characteristics. Hysteresis in
terms of nanoscale devices typically refers to a device’s
ability to switch between stable behaviors. Such devices may
ultimately provide the means for memory and programmable
logic [3], [34]. Modeling hysteresis with the UDM requires
a data set for each stable I–V characteristic as well as a set
of toggle definitions. A toggle definition is an action (e.g.,
an applied bias) that causes the behavior to switch between
stable points. When modeling a bistable device, the UDM
will initially reference one parameter set and then switch to
the alternate parameter set when a toggle condition occurs.
Simulators that support cosimulation of both SPICE-level
netlists and analog hardware description language (analog
HDL) blocks easily adapt to simulating hysteretic devices as
well as conventional device models. Thus, we use a UDM
model implemented in Verilog-A with the Spectre circuit
simulator from Cadence [35] to simulate circuits containing
hysteretic devices like the crossbar circuits in Section IV-C.
A simple example of the UDM used in circuit simulation
is a latch consisting of two RTDs as shown in Fig. 6(a) [36],
[37]. In the circuit, one RTD works as the load device, while
the other drives it, based on the bias voltage CLK. Due to
the PDR and NDR regions of the RTDs, the circuit effectively has three stable points. Varying the bias voltage CLK
and the input current causes the circuit to settle in either the
high or low stable states. The process by which the RTD
pair evolves toward one of these two states is known as the
monostable–bistable transition (MBT).4 As can be seen in
Fig. 6(b), the circuit latches the input voltage after the bias
is pulsed low. Since the circuit is driven by the input current,
the resistance at the input had to be chosen carefully to obtain the desired results. Another useful property of the RTD
latch can be seen from simulating several cascading latches
as in Fig. 6(c). Fig. 6(d) shows the output waveform of such a
cascaded RTD latch that demonstrates gain, since the output
4A

detailed description of how this device works can be found in [36].
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Fig. 5. Circuits containing multiple device types can be designed with the UDM. The devices can
be characterized either theoretically or experimentally, providing the behavior of the devices is
presented in I–V curve data sets.

(a)

(b)

(c)

(d)

Fig. 6. Schematics and simulations for RTD latch circuits using the UDM. (a) Single RTD latch
schematic. (b) Cascaded RTD latches schematic. (c) Simulation of a single RTD latch showing
voltage gain at Vout. (d) Simulation of the cascaded RTD latches showing increased voltage
gain over the single latch.

levels settle closer to the stable points after each level of the
cascade.
The RTD latch simulated using the UDM behaves as expected demonstrating that the model works correctly for both
tunneling and diode-like devices. More work needs to be
done to verify the other properties included in the model;
single-electron devices and circuits which utilize phenomena

such as the Coulomb blockade are currently being investigated.
IV. NANOCIRCUITS AND LOGIC
A number of challenges exist in turning molecular devices
and possible integration schemes into useful circuit struc-
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scale down in dimensions, the output current has remained fairly constant while the input capacitance has
decreased, thus enabling ever faster clock speeds. One
useful speed metric is the delay of a gate with a fan-out
of 4 (FO4), typically employed at the logic level. The
intrinsic switching speed time constant is
Fig. 7. Digital circuits require the ability to tolerate noise and
support fan-out. These requirements are met by designing the
circuits with nonlinear transfer gain characteristics, and appropriate
equivalent impedances.

tures. In this section, the nature of those challenges and some
potential approaches are explored.
A. Digital Circuit Requirements
Scalable digital circuits, especially those based on MOSFETs, have a number of useful properties that must also exist
in molecular digital circuits for the latter to be useful. As
Keyes pointed out in 1985 [38], digital circuits have been
successful due to a number of well-established reasons.
1) Noise tolerance. Unlike analog circuits, which always add noise to input signals, digital circuits reject
noise. They can typically reject noise voltages up to
10%–20% of the normal voltage swing. The ability
to reject noise arises because of the nonlinear gain
characteristic from input to output as shown in Fig. 7.
It is the presence of this nonlinear gain characteristic
that enables digital circuits to be scaled to very high
integration levels.
2) Ability to support fan-out. Fan-out refers to the number
of similar circuits that can be driven by a logic gate
without a significant degradation in noise tolerance.
High fan-out requires that any circuit has high input
impedance, low output impedance and high transfer
impedance (Fig. 7.) The latter is sometimes referred
to as input–output isolation.
Furthermore, in order to potentially replace CMOS digital
circuits, it is important for molecular circuits to exceed the
capabilities of future CMOS circuits in one or more key metrics. As a CMOS reference, this paper uses the capabilities
expected at the “end of the roadmap,” 2016 for 10-nm gate
length CMOS devices, referred to as the 22-nm “node” (or
half the smallest wire pitch).5 The metrics include the following.
1) Small size. Due to its use of self-aligned lithography
and low transistor count per logic gate, CMOS
achieves the lowest area footprint per gate of any
current semiconductor device family. At the 22-nm
node, dynamic RAM is expected to have a density of
5 10 b/cm , static RAM at 7 10 transistors/cm ,
and logic an average density of 1 10 transistors/cm .
2) High switching speed. In a CMOS digital circuit the
logic transition time, and, thus, the clock frequency, is
determined by the product of the output current of the
gate and its input capacitance. Traditionally, as devices
5The International Technology Roadmap for Semiconductors (ITRS) [21]

provides a good reference describing anticipated future CMOS capabilities.
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(2)
is the gate capacitance,
is the supply
(here,
is the device saturation current)
voltage, and
for an NMOS device, useful for device evaluation.6
3) Low power. CMOS digital circuits dominate today
largely because they can perform any function with
less energy than any other manufacturable device
family. This has obvious importance for battery
operated applications but is also very important for
wall-powered systems, as the ability to dissipate heat
is always finite. To a first order, in a CMOS logic gate,
the energy consumed during a transition is
(3)
is the leakage current.
where
Useful power metrics include device switching energy
, and static device standby power
. For
anticipated 10-nm gate length high-performance transistors,
these metrics can be calculated as 2 pJ and 1.1 10 W,
respectively.
A very useful metric that combines the last two items
above, and, additionally prevents “cheating” by (uselessly)
improving one metric at the expense the other, is the energy-delay product. For a device, this can be measured as
the product of the intrinsic switching speed time constant
J s for a
and the device switching energy, around 10
high-speed 10-nm device.
Molecular circuits face a number of challenges in
meeting, or exceeding, these metrics based on the limitations of nanofabrication described earlier. Many of these
challenges come about due to the limitations of using
two-terminal devices. Two-terminal devices do not naturally
result in circuits that have gain and good input/output
impedance properties. Current devices can benefit from
better on/off ratios, better conductance when on, and larger
voltage swings when off, than are currently demonstrated.7
CMOS achieves low power largely because little current
to ground. This result is much more difficult
flows from
to achieve with two-terminal devices.
B. RTD Circuits
As described above, a latch can be built using a device
showing an NDR characteristic, reminiscent of RTDs. The
principle of operation of the NDR latch, when used as a
memory, is illustrated in Fig. 8. The NDR device is loaded

=

6The ITRS predicts 
0.15 ps for a device with a 10-nm-long highperformance gate.
7Improved devices are anticipated, however.
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Fig. 8. (a) NDR latch, as used in memory circuits, and principle of operation. (b) NDR-based
NAND gate.

with a resistor and, thus, can be understood with a simple
load line analysis. The device can be forced into a high or
low state by changing the bias voltage. At an intermediate
bias, it stays in the previously forced state. The utility of this
circuit, and the one shown in Fig. 6, is somewhat limited,
mainly by the poor input–output isolation due to the resistor
connecting the input and output. This circuit can only support a fan-out of one and has a low noise margin. On the
other hand, NDR-based latches that have input–output isolation and a fan-out of greater than one have been simulated
[37].
The latch in Fig. 8(a) can be modified as shown in Fig. 8(b)
to enable NAND and NOR gates that exhibit suitable digital
characteristics [39], [40]. This circuit is based on devices as
those demonstrated in [4], [41], and [42], and operates as
follows. A clock is applied to the “reset” line; there is no
current in the bridge resistor. After the clock (reset) goes low,
both NDRs transition to a high-current, low-voltage (lowimpedance) state; a small current flows left to right through
the bridge resistor. As the input current increases, the voltage
across the bridge resistor increases adding more current to
the second NDR stage. The resistors are sized such that the
input threshold current is at a point which results in a bridge
current that forces a transition of the second stage NDR to a
low-current, high-voltage (high-impedance) state.
Once both NDRs have transitioned, the voltage across the
bridge resistor is zero; therefore, no current flows in either
direction. This two-stage isolation circuit helps to prevent
the propagation of noise through the gate. All the devices in
this circuit, including the resistors and rectifying diode have
been demonstrated in a molecular form. From a circuit perspective, this gate is quite practical. It supports high fan-outs
and has good noise immunity. Its speed is determined by the
conductivity of the NDR gates and, thus, gets faster as the
device characteristic improves. With currently available devices, operation at about 1 MHz is expected.

However, the gate also has some limitations that will restrict its utility. The energy-delay product is worse than for
CMOS by a few orders of magnitude. It has a relatively high
device count of eight per gate, compared to four for the equivalent CMOS gate. Its biggest limitation is that it is a very
structured circuit and, thus, almost impossible to integrate
given current nanofabrication techniques.
This leads to the recognition of a fundamental tradeoff in
molecular circuits, based on anticipated devices. The available integration technologies lead naturally to structures like
the crossbar, which in turn, lead to the use of simple latch
type circuits constructs, such as shown Figs. 6 and 8(a). However, these latches cannot support a fan-out greater than one,
and have low noise margins. Thus, only point-to-point circuits can be used (between crossbars) and high levels of transient faults can be anticipated. Also, the size of possible array
structures is going to be limited, as described in the next section.
C. Crossbar Circuits
As described earlier, the potential and limitations of
self-assembly lead naturally to regular crossbar architectures. A number of architectures based on crossbar
circuits employing two-terminal devices have been recently
suggested for memory and logic [25], [26], [43], [44].
Fig. 9 shows an abstract representation of such a crossbar,
consisting of two sets of parallel nanowires crossing perpendicularly; the wire crossings form junctions with hysteretic
properties. One possible realization of such junctions is an
electrically configurable monolayer of bistable molecules,
such as the rotaxane and catenane families of molecules
being pursued by HP [3], [45] and the University of California, Los Angeles (UCLA) [44]. Another conceptually
similar implementation is magnetic RAM (MRAM), which
relies on electron spins for bistability [46]. The electromechanical manipulation of carbon nanotubes [47] and
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will require a decoder external to the crossbar, such as
suggested in [26] and [50].

D. Crossbar Logic and Memory

Fig. 9. The crossbar paradigm consists of perpendicular sets of
parallel wires with bistable junctions at each wire crossing.

nonvolatile crossed nanowires [34] demonstrated at Harvard
also fits into the crossbar circuit paradigm.
While there have been significant efforts aimed at investigating nanoscale crossbars at the device and architecture
levels, little consideration has been given to the intermediate
levels of abstraction.
In this section, we examine a crossbar from a circuit design
perspective [48] and expose both the strong and weak points
of this paradigm. While much of this analysis is applicable to
several nanotechnology approaches based on regularly structured circuits, we use the crossbar technology proposed by
HP and UCLA for demonstrating ideas at the circuit level [3],
[43], [44], [49], [50]. This crossbar technology is composed
of arrays of crossed nanoscale wires with molecules present
at each junction, forming two-terminal devices that can be
electrically configured to behave as low or high resistance
diodes. These molecules, such as rotaxanes or cantenanes,
create a programmable computing fabric that can be used for
memories, logic arrays, etc. Harvard has demonstrated a similar circuit paradigm consisting of crossed nanowire p-n junctions [51] as well as logic gates from crossed nanowire FETs
(cNW-FETs) [1].
Molecular crossbar technologies present an opportunity
for high computational densities; however, they do suffer
from some significant drawbacks. Most of the suggested
bistable devices are two-terminal devices having the ability
to switch between a low and high resistance state. Rectifying
(diode-like) behavior is also generally present in these
devices, depending on the technology. Being restricted to a
diode–resistor logic style results in an inability to achieve
signal gain. The lack of gain will restrict the array size
and require interfacing to technology capable of achieving
gain for extended computation. Another drawback of
diode–resistor logic is the inability to implement an inverter.
However, this can be easily overcome either by computing
the complement of every function or by incorporating an
NDR latch and a clock into the circuit.
The generic circuit we consider is shown in Fig. 10. The
figure shows a crossbar designed for crosspoint addressing,
with the input vector coming horizontally on the row wires
and the output presented vertically on the column wires.
While this structure alone is not sufficient for computation,
it can serve as a crosspoint array. The crosspoint structure
1948

The crosspoint circuit alone is not sufficient for memory
or logic. However, combining a decoder with the crosspoint
provides the framework for addressing memory for data
storage as well as memory-based logic. Previous decoder
schemes suggested for molecular nanoelectronics include a
stochastic decoder implementation [49] and a prepatterned
nanoscale decoder [26]. Another approach for decoding
entails programming the decoder in the crossbar fabric.
The advantages of this scheme include a straightforward
implementation as well as an inherent defect tolerance,
since defective wires can be located before programming
and then avoided. Fig. 11 shows an implementation of a
full-adder using a decoder programmed into the crossbar.
The circuit is essentially a lookup table (LUT) comprised
of rows of diode–resistor AND gates connecting to columns
of diode–resistor OR gates. This same AND–OR plane arrangement can also be used to implement a programmable
logic array (PLA). Since logic implemented in the AND–OR
planes does not provide the means for an inversion function,
signals and their complements are needed for inputs and
possibly outputs. The schematic shows explicit pull-up and
and
, respectively.
pull-down resistors, labeled as
, i.e.,
The lumped wire resistance of a vertical wire is
the column wire resistance. The horizontal wire resistance
is broken into two lumped resistors, the resistance of a row
and the resistance of a row
wire in the AND plane
.
wire in the OR plane
We simulated the crossbar adder using the devices models
[48]. We expect that a crossbar
in Fig. 12 to investigate
circuit with this arrangement will have inherent signal integrity problems; we also explore the effect of increasing the
. The results in
supply voltage as a method to boost
.
Fig. 13 are representative of the characteristics for
is quite small
As the figure shows, the output voltage
but the supply voltage is one lever for controlling it. However, various other tradeoffs associated with changing the
supply voltage must be taken into account to select the optimal supply voltage, such as signal delay and power consumption.
The programmed decoder is a feasible implementation
for logic that requires only the basic assumption that each
junction in the crossbar can be individually addressed and
programmed. However, for memory, this scheme incurs
the problem that programming the crosspoint memory via
the decoder may overwrite the programmed decoder. To
avoid this scenario, we propose a decoder plane consisting
of junctions that are programmed at different voltages than
the crosspoint array [48]. We feel such an implementation
is feasible, since the borders between the decoder and the
crosspoint array are not constricted by nanoscale features.
For example, the decoder for a memory could be fabricated
to consist of junctions which are programmed at voltages
PROCEEDINGS OF THE IEEE, VOL. 91, NO. 11, NOVEMBER 2003

Fig. 10. The generic crosspoint crossbar structure selects a row by placing one of the horizontal
inputs to V and the remaining rows to GND.

Fig. 11.

Schematic of a full-adder employing programmed decoder.

higher than the devices in the crosspoint array; the spacing
between the wires bordering the decoder and crosspoint
could also be set at a pitch that allows the sections to be
fabricated with different characteristics.

The potential utility of the crossbar is determined by the
availability of suitable devices. Noise and fan-out issues were
discussed in the previous section. Potential size is limited by
the available wire pitch and the scalability of the crossbar.
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Fig. 14. Representative I–V characteristic for a two-state device.
The device changes to the “on” state whenever the voltage across it
goes below V and changes to the “off” state upon reaching V .

Fig. 12.

I–V curve modeling bistable devices.

Fig. 13. Boosting the supply voltage is one method of increasing
the difference between worst case high and low voltages.

At a 40-nm pitch, the raw density will be almost 10 crosspoints per square centimeter. However, since not all crosspoints will be used, the functional density could be one or
more orders of magnitude less. Obviously speed is limited
by the RC time constants, and will be fairly low. Power depends on the end-device and wire characteristics.
E. Multistate Device Circuits
Due to their small noise margins, NDR-latch based circuits
and memory arrays might be difficult to build in large scales.
Instead it is useful to consider devices that have shown the
capability to switch between several states [52]–[54]. These
devices provide noise margin through their on/off ratio between the states and, due to long state retention times, are
highly suited to form the basis of a nonvolatile memory. A
representative I–V characteristic, and the one used as a basis
for the circuits in this section, is shown in Fig. 14.
A number of approaches to building molecular memories
are discussed in [55]. In general, a memory array is built with
a two-state device by combining it with an isolation device,
usually a molecular diode. The overall structure is very similar to the crossbar presented in the previous section.
During the write operation, the cells are reset by biasing
the wordline low and the reset plane high. Thus, all two-state
devices in that wordline enter the conductive state without
any other cells being affected, as just the voltage bias of the
reset plane is not enough to affect any memory cells. In the
second part of a write, the wordline is now pulled to a high
voltage. A particular bit sequence is written into the word
1950

by selectively pulling the bitline of a cell in which a zero is
to be stored to a low voltage, while keeping the bitlines of
cells that are to store a one at the reference voltage. Thus,
two-state devices in cells that are to store a zero are flipped
into the nonconductive state, while those that are to store a
one remain at a conductive state; other wordlines remain unaffected. Reading out the information is accomplished by biasing the wordline to be read high. At read the devices will
form voltage dividers with the load resistors on the end of
the bitline (conductive devices actually form an NDR latch
but will remain in the high current/low voltage state). This
results in appreciable current being drawn through the load
resistor and a relatively high voltage on the bitline for a conductive-state cell, but low voltage for a nonconductive-state
cell. Thus, the difference in conductivity of the two states of
the device can be read out as a voltage difference on the bitline.
The scalability and memory standby power consumption
are largely determined by the resistance looking back into
a memory cell from the bitline, which in turn is dominated
by a reverse-biased diode; the analysis is similar to the one
described above for crossbar arrays. The ratio of the “on”
resistance to the wire resistance and to the “off” resistance
determines the how large these arrays can be made. The
“off” resistance also provides a lower bound for static power
consumption. In comparison, in the year 2016 transistors
are anticipated to have an on–off ratio in the 10 10 range.
Similar goals for molecular electronics are reasonable.
Today, devices that have been demonstrated in practice have
on–off ratios only in the 10 10 range, with typical “on”
10 range and with “off” values
values in the 10 5
4 10 [45].
On–off devices are also potentially useful for making programmable logic trees. For example, they present one approach to overcoming the programming problem described
for the crossbar.
F. Molecular Electronics—Comparison Metrics
Molecular electronics has a lot of potential to enable
electronic functionality to continue scaling beyond the end
of CMOS scaling. In Table 1, potential moletronic circuit
approaches are compared with predictions made in the ITRS
[21] for end of the roadmap CMOS in terms of speed, power,
and density. To keep the comparison simple, only high-performance CMOS is used in this comparison. The table
compares footprint, energy/transition, delay, power density,
and compute density (all the densities are peak metrics). The
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Given the constraints introduced by bottom-up
manufacturing, architectures for molecular electronics
look significantly different than traditional architectures.
Traditional architectures depend on the ability to create
arbitrary patterns that can specify exactly where each active
component and wire is placed and how they are interconnected. Bottom-up manufacturing, on the other hand, will
be best at building very dense “crystalline” structures which
do not depend on exact placement or arbitrarily specified
patterns. As a result, the architecture-level modeling of
molecular electronics will be significantly different from
current CMOS models.

low information content and with repeating regular patterns
or even from random patterns. Furthermore, they must be
inherently defect tolerant. These requirements yield two
basic classes of nanoelectronic architectures: unstructured
and quasi-regular. Unstructured architectures assume only
the most basic manufacturing primitives and only require
that molecules and wires be assembled stochastically. These
architectures are the easiest to build but the hardest to use.
The quasi-regular approach assumes that some order can
be imposed at the nanoscale level, e.g., that 2-D crossbars
are manufacturable. Such an architecture would, however,
not require that the wires in the crossbar be laid out in any
particular order.
The main hurdle for unstructured architectures is that the
manufacturing process produces a device that has no predetermined information content. Instead, the user of the device must probe it to determine what kinds of structures are
present. After probing the device, if useful structures are
found, they can be connected to form a circuit. The probing
task is similar in spirit to defect detection, but instead of
finding the defects, it must determine the functionality on the
device.
The quasi-regular architectures depend on the manufacturing process to create a known pattern of regular structures.
The goal is to configure the structures to implement whatever functionality is desired. Architectures in this class take
the middle road in terms of difficulty in manufacturing and
difficulty in using the device.
Another less ambiguous way to categorize the different
approaches is to examine information binding time. Regardless of the approach, the desired result is a circuit that
performs some task. The circuit itself requires a certain
amount of information to describe it. There are primarily
two times at which information about the desired circuit
can be bound into the circuit: at manufacturing time and
at configuration time. Traditional methods, which we call
deterministic architectures, bind the information that describes the circuit completely at manufacturing time. These
methods require precise layout and the ability to create
arbitrary patterns; otherwise, they would not be able to put
all the information in at manufacturing time. On the other
end of the spectrum are unstructured architectures which
bind the circuit information at configuration time. These
architectures require little manufacturing-time precision, as
all of the functionality is embedded into the circuit during
configuration. However, the manufactured structure must
be examined so that the circuit information can be properly
bound at configuration time. In between these two extremes
are quasi-regular architectures that bind some information at
manufacturing time and some at configuration time. There
is a clear tradeoff between the cost of manufacturing and the
cost of configuration. Both deterministic and unstructured
architectures take extreme points, which appears to be very
costly at the nanoscale.

A. Information Content

B. Unstructured Approaches

The available assembly primitives require that molecular
electronic-based architectures be built from structures with

While it is true that unstructured architectures are costly
in terms of configuration time, it is also true that such

Table 1
Metrics Comparing Predicted 22-nm CMOS, Directed Assembly
Molecular Circuits Based On NDR Molecules, and Self-Assembled
Crossbars Based on Multistate Devices

overhead associated with each architecture is ignored for
22 nm half-pitch
simplicity. Peak density is based on a
patterning capability. A CMOS transistor is about 8 F
4 F in area. The NDR–RTD gate shown in Fig. 8 would
consume an area of around 16 F 4 F if the chemicals were
self assembled onto features built using 22-nm lithography.
Since this circuit is equivalent to a four-transistor CMOS
circuit, the result was divided by four to obtain the number
in the table. A crosspoint in a crossbar takes an area of
2 F 2 F. The energy and delay numbers are drawn from
the ITRS or from simulations based on characteristics of
currently demonstrated molecular devices. The crossbar has
a higher energy per transition than the RTD-based circuit
due to the capacitance of long lines, and uses devices with
higher current density to be scalable. These numbers are
manipulated to obtain the peak power density and transition
rate density. As can be seen, molecular circuits show clear
potential for superiority in energy but not in performance.
Of course, as such circuits are still in the construction stage;
these numbers could be off by orders of magnitude. The
production cost of building such circuits is very hard to
predict. The cost of building CMOS chips continues to
follow an exponential law with time. It is reasonable to
expect that molecular chips will be less expensive to build,
as chemical self-assembly is used to build the devices, rather
than many very precise lithography steps.
V. MOLECULAR ELECTRONIC ARCHITECTURE
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Fig. 15. Schematic of a molecular demultiplexor based on random
assembly of gold particles to act as gates on nanoscale wires.
The horizontal, wide, gray lines represent microwires, while the
thin lines represent nanowires. The “dots” on the transistor gates
represent connections between the microscale and the nanoscale.

architectures have some clear advantages over approaches
requiring more order. A good example of how unstructured
approaches can reduce the cost of manufacturing without
significantly increasing the cost of configuration is the
nondeterministic demultiplexor proposed by HP [50]. This
demultiplexor (demux) is formed by intersecting a parallel
set of microscale wires with an orthogonal set of parallel
nanoscale wires. Between the microscale wires and the
nanoscale wires is a layer consisting of randomly placed
gold particles. Wherever the nanoscale wires contact a gold
particle a transistor gate is formed. If the gold particle also
contacts a microscale wire, then that microscale wire can be
used to turn on that particular “transistor.” The microscale
wires essentially provide an address which is used to select
one of the nanoscale wires (see Fig. 15.) A traditional
address wires to
demux using binary signals requires
select from one of outputs; however, it requires substantial
precision at the time of manufacture. The demux proposed
by HP, on the other hand, requires more microscale address
lines, since the address of each nanoscale wire is formed
“randomly”; furthermore, one does not know at manufacturing time which address will select which nanoscale wire.
However, the difficulty in determining the addresses is low,
and with a sufficient number of micrometer-scale wires,
address
each of the output wires can be selected (
lines will select each one of the outputs with greater than
50% probability). Note that the three-terminal devices in
this example can be modeled as conventional FETs with no
need for the UDM, which right now is limited to modeling
two-terminal devices.
A more complete architecture based on the unstructured
approach is the Nanocell [56]. The Nanocell architecture
is based on the random assembly of a small grid of on–off
1952

Fig. 16. A nanoBlock. The MLA is reconfigurable and
combines with the resistors attached to V and ground to create
a reconfigurable diode–resistor logic array. Signal restoration is
performed in the molecular latches which are orthogonal to the
output wires.

devices. The functionality of each grid is determined postfabrication through a detection phase using external voltage
pulses. Gain and input–output isolation are established
between cells using NDR-latch type circuits. Preliminary
calculations show that this approach, when combined with
CMOS at the 22-nm node, can achieve a functional density
equivalent to 10 devices/cm .
C. Array-Based Architectures
Array-based or crossbar-based architectures typify
the quasi-regular class of architectures. Each basic unit
(crossbar) consists of wires and programmable molecular
devices. The crossbars are then connected together to form
a larger mesh of configurable elements. Unlike unstructured
architectures, the potential functionality of array-based
devices does not have to be discovered; however, these
architectures do depend on postfabrication programming
in order to create logical circuits. Furthermore, since the
fabrication primitives are unlikely to yield perfect meshes,
these architectures require reprogrammable components in
order to provide defect tolerance.
One such architecture is the nanoFabric [25], of which
the basic unit of logic is a nanoBlock (see Fig. 16). Each
nanoBlock is based around a molecular logic array (MLA).
At each intersection of the MLA is a reconfigurable switch
(e.g., a pseudo-rotaxene) in series with a diode. Diode–resistor logic is used to perform logical operations. To create
a complete logic family, signals and their complements are
brought into each circuit and produce both the desired functions and their complements. Logic values are restored using
molecular latches [37], which also provide a mechanism for
latching values and isolating outputs from one nanoBlock
from the inputs of another nanoBlock. The nanoBlocks
are grouped together into clusters and arranged so that the
outputs of a nanoBlock intersect the inputs of two other
PROCEEDINGS OF THE IEEE, VOL. 91, NO. 11, NOVEMBER 2003

Fig. 17.

The nanoFabric.

nanoBlocks. The area where the wires for four nanoBlocks
intersect (two outputs, two inputs) is called a switchblock
(see Fig. 17); the result is a 2-D mesh of nanoBlocks.
There are several things to note about the nanoFabric.
First, it is manufactured hierarchically (devices and wires
are manufactured first, wires are aligned and crossbars are
created resulting in a nanoBlock, the nanoBlocks themselves
are then put together to form the nanoFabric). Second, the
architecture itself is hierarchical. Finally, it is reconfigurable.
Another example of this class of architectures is the
Nanowire-based approach used by DeHon [26]. It, too, is
based on meshes of intersecting wires. Silicon nanowires
are arranged into arrays which can implement wide-fanin
logic functions. The resulting architecture can be viewed as
an array of PLAs.
Both of these architectures exhibit the features necessary
for a quasi-regular architecture. They are based on 2-D
meshes where the intersections of the mesh contain some
form of configurable switch. Logic functions are formed by
configuring the meshes and the connections between the
meshes, which are made using nanoscale wires. There is a
separation between devices that compute logical functions
and those that provide isolation and signal restoration. The
nanoscale components are supported by microscale devices
which provide infrastructure such as power, ground, clock,
etc. Finally, they both support defect tolerance.
D. Defect Tolerance
One significant disadvantage of bottom-up manufacturing
is that it is likely to have significantly higher defect densities
than current technologies: we expect that the very nature of
chemical fabrication will result in defect densities of as much
as 10%.8 Such high defect densities require a completely
new approach to manufacturing computational devices. No
longer will it be possible to test a device and throw it away
if it has a defect, since it is likely that every chip will have
a significant number of defects. Instead, one must devise a
8The techniques discussed in this section are also potentially important
for next-generation lithography, e.g., Extreme Ultra Violet (EUV) and other
approaches for sub-90-nm lithography.

way to use defective chips, i.e., build working systems from
nonworking components.
Most modern fault-tolerant circuit design techniques (e.g.,
triple-mode redundancy and error correction coding) are not
applicable to the bottom-up molecular electronics manufacturing process discussed here. Such techniques work reliably only if the number of defects is below a certain hard
threshold; which will likely be exceeded in this case.
Memory chips are able to tolerate some defects by having
redundancy built into them: for instance, a row containing
a defect might be replaced with a spare row after fabrication. However, nanoscale electronic fabrics will not be able
to simply follow this approach, since it is unlikely that an entire row or column of any appreciable size will be defect free.
Another potential solution is suggested by looking at reconfigurable fabrics, such as field-programmable gate arrays
(FPGAs) and the Teramac custom computer [57], [58]. An
FPGA is a regular array of programmable (reconfigurable)
logic elements connected by programmable interconnect, allowing any function to be configured onto the device. The
Teramac is essentially a very large FPGA with a rich interconnect that works in spite of the fact that 75% of the
chips contained in the Teramac had some number of defects.
Like memories, the Teramac have significant built-in redundancy; therefore, postmanufacturing diagnosis can identify
and locate faults, and the reconfigurable structures can be
programmed to avoid them. This approach trades off manufacturing complexity for postfabrication programming.
The reduction in manufacturing time makes reconfigurable fabrics a particularly attractive architecture for
bottom-up manufactured nanoelectronics circuits, since
directed self-assembly will most easily result in highly
regular, homogeneous structures. The fabrication process
for these fabrics can be followed by a testing phase, where a
defect map will be created and shipped with the fabric. The
defect map can then be used by compilers to route around
the defects, which can be made sufficiently tractable if the
underlying circuits have sufficient routing resources, i.e.,
they are wire-rich.
However, the diagnosis process for fault localization requires some discussion. In general, any methodology for locating defects should meet the following criteria.
• It should not require access to the individual components of the fabrics, such as individual gates or wire
crossings.
• It should scale with the number of defects.
• It should scale with fabric size, so that testing does not
become a bottleneck in the manufacturing process.
So the question becomes, how does one find defects
without requiring each component to be probed? There is
a large body of work in statistics and information theory
on techniques for finding subsets of a population in which
all members satisfy a given property. Various flavors of
this technique, called group testing, have been applied to a
variety of problems [59]–[62], none of which, however, had
constraints as demanding as those of nanoscale electronics.
One approach for defect detection in molecular scale reconfigurable circuits consists of configuring the components
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Fig. 18. An example showing how a defective component
is located using two different test circuit configurations. The
components within one rectangular block are part of one test circuit.

on the fabric9 into test circuits, which will give us information about the presence or absence of defects in their constituent components. Each component is made part of several
different test circuits, and information about the error status
of each of those circuits is collected. This information is then
used to deduce and confirm the exact location of the defects.
As an example, consider the situation in Fig. 18. Five components are configured into one test circuit, which computes
a simple mathematical function. This function is such that
defects in one or more circuit components causes the answer
to diverge from the correct value. Therefore, by comparing
the circuit’s output with the correct answer, the presence or
absence of any defects in the circuit components can be detected. In the first run, the components are configured vertically, and test circuit 2 detects a defect. In the next run,
the components are configured horizontally, and test circuit
3 fails. Since no other errors are detected, we can conclude
that the component at the intersection of these two circuits is
defective, and all others are good.
Since the tester cannot have access to individual fabric
components, the test circuits will be large, consisting of tens
and perhaps even hundreds of components. With high defect
rates, each circuit will on average have multiple defective
components, complicating the simple picture presented in the
example above. In particular, test circuits which give information only about the presence or absence of defects (such as
the ones used above) will be useless: almost each and every
test circuit will report the presence of defects. The key idea is
to use more powerful test circuits that return more information about the defects in their components, such as a count
of defects. An example would be a circuit that computes a
mathematical function whose output will deviate from the
correct value if any of the circuit’s components are defective;
if the amount of this deviation deterministically depends on
the number of defective components, then a comparison of
the circuit’s output with the correct result can indicate the
number of defects present in the circuit.
9We

are deliberately leaving the meaning of “component” unspecified.
It will depend on the final design of the fabric: a component may be one or
more simple logic gates, or a LUT implementing an arbitrary logic function;
the on-fabric interconnects will also be “components” in the sense that they
may also be defective.
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Fig. 19. Yields achieved by varying the defect densities and
the number of defects our test circuits could count. The x axis
represents the defect density of the fabric, the y axis shows the yield
achieved (or, in other words, the fraction of the fabric’s defect-free
components that are identified as such), and each line represents a
counter that can count defects up to a different threshold.

Using such defect-counting circuits, [63] proposes splitting the process of defect-mapping into two phases: a probability assignment phase and a defect location phase. The
probability assignment phase attempts to separate the components in the fabric into two groups: those that are probably
good and those that are probably bad. The former will have an
expected defect density that is low enough so that in the defect location phase, one can use circuits that return zero–one
information about the presence of defects to locate them exactly.
To test the effectiveness of this procedure and to measure
the impact of the defect-counting threshold on the results,
we ran a number of simulations, the results of which are presented in Fig. 19. From these results, it is apparent that it
is possible to achieve high yields even with test circuits that
can count a small number of defects, particularly if the defect density is low. For example, for densities less than 10%,
a test circuit that can count up to four errors achieves yields
of over 80%. With more powerful test circuits, yields of over
95% are achievable.
This testing strategy currently requires time proportional
components, if a test circuit
to for testing a fabric of
of size is being used. To speed up testing even further, the
reconfigurability of the fabric can be leveraged. Once part of
the fabric is mapped, it can be used to test other parts of the
fabric. This can decrease test time by eliminating the off-chip
bandwidth bottleneck and allowing for parallel testing.
E. The Case for CMOS/Nano Mixed Architectures
New nanoelectronic solutions present a potential for
unprecedented levels of device density, low power computing, and possibly high operating speed. Despite this high
potential, it will be very difficult for any new technology to
compete head to head with silicon’s large-scale fabrication
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infrastructure, proven design methodologies, and economic
predictability.
An alternative approach to an abrupt technology change
is the integration of silicon with nanoelectronics, i.e., mixed
CMOS/nano integrated circuits. This route would allow a
smooth transition and permit leveraging the beneficial aspects of both technologies [64]. Such an approach is embodied in the architectures proposed by Goldstein [25] and
DeHon [26]. We refer to this design paradigm as nano on
CMOS (NoC); similar ideas have also been suggested in [65].
The NoC paradigm allows for significant design
versatility. One extreme uses the CMOS as the primary
computation medium while the nano on top is used as a
supplement to better achieve integration goals. For example,
the nano crossbar can act as a memory or as large logic
arrays. At the other extreme, the nano portion would be the
primary computation medium while the underlying CMOS
would be used simply to provide signal gain and latching
capabilities. This latter approach is the one described in
Section V-C. A more balanced solution uses both mediums
for primary computation with portions of the circuit being
allocated either to CMOS or nano at a finer grain.
The concept of scaling is also affected by the NoC paradigm. While the silicon CMOS era has been fueled by a
continuous scaling of device performance and sizes as expressed by the different flavors of “Moore’s law,” nanoelectronics promises to take miniaturization beyond the “brick
wall” CMOS scaling is predicted to hit but without the same
scaling scenario (especially for molecular electronics). Instead, nanoelectronic scaling will be in the form of comprising increasingly large percentages of mixed CMOS/nano
ICs. At first, small amounts of nano will be embedded on
a predominantly CMOS chip. In successive generations, the
amount of nano can be increased as the amount of CMOS
is decreased. Increasing the nano-to-CMOS ratio over time
can provide a means to ease into a new technology paradigm.
Furthermore, the possibility of mixed CMOS/nano circuits
permits using the best aspects of both technologies simultaneously, while the undesired aspects of a technology can be
compensated by the partner technology.
We proposed a new definition of scaling for mixed
nano/CMOS circuits that still allows an exponential increase
in “effective density” even as individual component sizes
stay constant [66]. For CMOS the density doubles by scaling
the dimensions by 0.7 times for every technology node,
but for molecular electronics no such continuous scaling
seems feasible; instead the “effective density” (number of
nano/CMOS devices per unit area) can still double simply
by increasing the ratio of nano/CMOS [66].
VI. CONCLUSION
Molecular electronics have the potential to deliver
unprecedented levels of computing per dollar-watt-cm .
Recent progress in manufacturing and understanding molecular components has been significant. However, just as
complex CMOS-based system design is made possible by
hierarchical abstraction, molecular electronics requires the

development of accurate device, logic, circuit, and architecture models. Molecular devices may behave like traditional
devices, but the method by which they achieve this effect is
significantly different, requiring new modeling methods. We
introduced a UDM which can be used to quickly model any
two-terminal device. This is important as physical scientists
are generating new devices at a rapid rate.
In addition to different kinds of devices, the very method
of manufacturing requires that we rethink our circuit methodologies and our assumptions of what can be incorporated
into an architecture. The manufacturing implications that are
most prominent are the inability to create arbitrary patterns
and the increased defect density of the manufactured parts.
These two factors combine to limit the amount of information that can be manufactured into the final product. Instead,
postfabrication programming will be necessary to avoid defects and create the desired functionality.
One approach which takes into account the limitations
of both the devices and the fabrication methods is to create
systems from interlinked reconfigurable crossbars. The
crossbars are programmed, around the defects, to implement
logic functions. Such architectures can be constructed solely
from molecular electronics or from a combination of CMOS
and molecular electronics. The latter design is an example
of NoC. As molecular electronics comes into its own, the
amount of nano in the architecture will increase, thereby
increasing the effective density of the resulting device. This
increase in density, without a decrease in CMOS feature
size, constitutes a new form of scaling.
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