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Abstract

Nanoarrays, crossbars composed of two orthogonal sets
of coded parallel nanowires, are expected to play a central
role in chips in the future. Given their small size, nanowires
will be placed on a chip using chemical self-assembly, a
stochastic process that cannot guarantee the identity or lo-
cation of nanowires. A key challenge facing the use of cross-
bars will be controlling the uncertainty introduced by self-
assembly. In this paper we explore architectural and man-
ufacturing strategies to cope with this uncertainty. We also
describe methods of analysis used to compare strategies.

1 Introduction

The end of Moore’s Law [22] is in sight unless new tech-
nologies are discovered. The 2001 International Technol-
ogy Roadmap for Semiconductors [1] predicts that within
10-15 years “most known technological capabilities will ap-
proach or have reached their limits.” Optical lithography is
the most expensive part of the chip manufacturing process
and the bottleneck in increasing chip density. Unless, it can
be replaced, the exponential expansion in capacity and re-
duction in price that has been the hallmark of the computer
industry will come to an end.

Nanotechnology-based self assembly has the potential to
replace optical lithographic assembly. This new technology
is characterized by materials whose smallest dimensions are
nanometers in length and whose assembly into chips is not
completely predictable. These materials are so small that
they can only be assembled stochastically. Consequently,
they are much better suited to the construction of regular
structures such as crossbars. (See Figure 1.) The self-
assembly of nanometer-sized materials presents new design
and analytical challenges.
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Figure 1. A crossbar in which sites holding 1s
are marked by dots.

In this survey paper we outline some of the known issues
and progress that has been made in coping with them.

2 Key Nanotechnologies

Key nanotechnologies that are likely to play a central
role in the manufacture of chips in the future are semicon-
ducting [4, 23, 15, 17] and metallic nanowires [21] (NWs)
and carbon nanotubes [8]. Experiments have shown that
they can be integrated into crossbars [26, 16, 18], two or-
thogonal sets of parallel wires [2, 19, 3]. When a thin
molecular layer of the appropriate material is placed be-
tween the two sets of wires, at crosspoints defined by in-
tersecting row and column wires, the material in the layer
act as switches [3, 9]. Crossbars whose switches have been
realized through contacts have also been exhibited [24].
In both cases their conductivity can be made high or low
through the application of large positive and negative elec-
trical fields across the crosspoints. Smaller electric fields
allow the conductivity to be sensed without changing it.
Crossbars can be used as memories or PLAs.
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2.1 Nanowires

Nanometer-sized wires (NWs) have been grown using
chemical vapor deposition (CVD) [4, 23, 15] and molecular
beam epitaxy (MBE) [21, 17]. Growth of crystalline semi-
conducting NWs by CVD occurs under small gold clusters
that are exposed to a gas in an evacuated chamber.

NWs as small as a few nanometers and as long as a few
hundred microns have been grown this way. As they grow, it
has also been shown that doped regions can be grown along
the length of the NW [15, 13]. When these doped regions
are exposed to an electric field of the appropriate magni-
tude, they lose a very significant fraction of their conduc-
tivity. That is, they act like field effect transistors (FETs).
The doped regions can have lithographic lengths so that
they can be controlled by lithographically produced wires
(LWs) [5]. This provides a means to differentiate NWs and
control them individually, as explained below.

Mod-doped NWs can be assembled into parallel sets of
wires using fluidic methods that are akin to logs lining up
as they flow downstream [26, 16, 18]. NWs are floated on
the surface of a liquid, deposited on a chip and dried.

The growth of NWs by molecular beam epitaxy (MBE)
is done by creating a sandwich (superlattice) of alternating
layers of GaAs and AlGaAs [21]. The AlGaAs layers are
partially etched to create a sawtoothed pattern along one
edge. Metal is then deposited in gaps forming very long,
closely-spaced NWs. NWs with width of 8 nms, pitch of
16nms, and length in tens of centimeters have been pro-
duced. The metal NWs are transferred to a chip by applying
an adhesive layer and then pressing the MBE stamp against
this layer. Very high quality NWs are produced using this
method, known as SNAP.

SNAP metallic NWs can be used as masks to produce
semiconducting NWs [17]. Silicon (Si) is deposited on sili-
con oxide (SiO2) on a Si substrate. After depositing metal-
lic wires, the Si is etched down to the SiO2. When the metal
wires are removed, Si NWs are exposed that sit on SiO2.

2.2 Nanowire Codes

Two types of NW code have been proposed, namely,
(h, n)-hot codes[5] andbinary-reflected codes[10]. In
(h, n)-hot codesh regions are doped andh − n regions
are not doped. In binary-reflected codes half ofn regions
are doped in in the pattern(x1, x2 . . . xn/2, x̄1x̄2 . . . x̄n/2)
wherexi = 1 denotes a doped region andxi = 0 denotes
and undoped region. Translation from external to internal
addresses is much simpler for it than for(h, a)-hot codes.

The code spaceof the (h, n)-hot codes hasC =
(

n
h

)

encodings while that of the binary-reflected codes hasC =
2n/2 encodings.
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Figure 2. (2,4)-hot addressing of six NWs
{nw1, . . . , nw6} with four lithographic-level ad-
dress wires {aw1, . . . , aw4}. The rectangles
identify doped NW regions. If exactly two of
the four address wires carry a high voltage,
exactly one of the six NWs is conducting.

2.3 Controlling Mod-Doped NWs in a Crossbar

Electric fields are applied by LWs at right angles to the
NWs, as suggested in Figure 2. If any doped region has
a field near it, it loses its conductivity. Thus, with(h, n)-
hot codes, if exactlyh LWs carry a field strong enough to
immobilize carriers in doped NW regions, exactly one type
of NW will have high conductivity. With binary-reflected
codes, the same statement applies when half of the LWs
carry an immobilizing field. Both types of NW code have
the feature that if the codes are repeated along the length of
a NW and the NW is shifted relative to the LWs, another
code of the same type appears beneath them. This helps to
cope with NW misalignment during self-assembly. In fact,
random shifting of NWs during assembly greatly reduces
the number of coded NWs that need to be manufactured.

2.4 Stochastic Assembly of Mod-Doped NW
Crossbars

Mod-doped NWs are assembled into crossbars by first
creating a mixture of differently encoded NWs and then de-
positing a randomly selected sample of NWs on a chip [26,
16, 18]. The NWs will align in parallel, although not per-
fectly. There is no guarantee of end-to-end registration of
NWs, that is, they will shift relative to one another.

3 Controlling MBE NWs with High-K Di-
electric Regions

When SNAP is used, all the NWs are exactly the same.
Thus, to control individual NWs, some external means of



differentiating them is needed. The idea proposed by Jim
Heath [14] is to first dope the NWs so that they are sensi-
tive to external fields and then deposit high-K dielectric re-
gions over NWs to shield them from the influence of fields.
If such a region is deposited over the first half of SNAP-
generated NWs, a large field provided by a LW at right an-
gles will not affect their conductivity although it will cause
the remaining half of the NWs to lose their conductivity. A
second region that shields the second half of the NWs from
a second LW provides a means to select one half of the NWs
to be conducting. This same process can be repeated to di-
vide each half of the NWs into two sets, one conducting
and the other not using two more LWs. Repeating this pro-
cess and using2 log2 N LWs, N a power of two, provides a
means to select one ofN NWs to be conducting.

Unfortunately, this method cannot work in practice be-
cause it isn’t possible to put down high-K dielectric regions
whose length and separation is on the order of nms. We
revisit this question again later.

4 Data Storage in Crossbars

It is expected that data will be stored in nanometer cross-
bars (nanoarrays) by interposing a thin molecular layer of
long molecules between two orthogonal sets of NWs where
the molecules at crosspoints form memory cells [2, 19, 3].
Under high positive voltage, they become conducting while
under high negative voltage they become non-conducting.
The conductivity of a crosspoint is sensed with low volt-
age that doesn’t change the state. Claims made for storage
density of≥ 1011 bits/cm2 [21].

5 Designing Crossbars using Mod-Doped
NWs

Many challenges present in the design of crossbars made
from mod-doped NWs [6]. The number of LWs should be
kept small, the chip area should be minimized, and data
should be stored efficiently in nanoarrays.

To meet these challenges, good physical models are
needed, crossbar architectures must be devised that help
mitigate effects of stochastic assembly, and good methods
of probabilistic analysis employed to evaluate designs, is-
sues best addressed by physical scientists, electrical engi-
neers, and computer scientists working together.

5.1 Coping with Stochastic Crossbars

The NWs in a crossbar must be connected to ohmic re-
gions at each end so that they will carry current. If it is re-
quired that each of theN NWs in each direction in a cross-
bar have a different encoding with probability at least .99,

the size of the code space,C, must be at least100N2 [6].
If N = 1, 000, a reasonable number,C must be108, an
impossible number to manufacture. Multiple ohmic regions
dramatically reduce the size ofC because one region at a
time is activated [6, 10].

Another source of uncertainty in crossbars is the identity
of NW encodings. They must be identified after crossbar
assembly and a standard mapping assigned to the encod-
ings found in the array. Three methods of producing such a
mapping are discussed below [10].

The goal of a crossbar design strategy is to maximize
with high probabilitynA, the number of unique internal
addresses that are accessible externally in each dimension.
The designer is free to choose,m, number of ohmic regions,
w, number of NWs per ohmic region,C, size of code space,
the type of NW encoding (such as(h, n)-hot and binary-
reflected code) and the error rateε.

5.2 Evaluation of Mapping Strategies

Three illustrative address mapping strategies are
Sa: All NWs in each ohmic region are unique;
Sb: Most NWs in each ohmic region are unique;
Sc: All C NW encodings occur at least once in each region.

We use the areaA of a complete array as a qual-
ity measure. It is approximated by the sum of the area
of a translation memory, an ohmic region decoder, and
the area of the NWs themselves. Figurately, we write
A ≈ ATranslationMemory + ADecoder + ANanoarray.
ATranslationMemory is the product of the number of bits
to store a mapping times the area per bit,ADecoder is made
proportional tom log2 m, andANanoarray is the square of
the NW length devoted to storage and control.

Each architectural strategy has some probability of suc-
cess. Bounds on such probabilities are obtained by evaluat-
ing tails of distributions or using variants on the coupon col-
lector problem. The latter is modeled by cereal boxes each
of which is equally likely to have any one ofC coupons.
We ask “How many boxes need to be purchased so that with
probability at least1 − ε, all coupons are collected?”

5.2.1 StrategySa VersusSb

The areas used by strategiesSa and Sb when binary-
reflected codes are used are shown below. HereCa and
Cb are the sizes of the code space used by them,λnano and
λlitho are the feature sizes of nano and lithographic tech-
nologies, andσ is the area of one bit of DRAM storage.

Aa ≈ 2(nA log
2
Ca)σ + 2λlitho(m log

2
m)

+ (2λlitho log2 Ca + λnanonA)2

Ab ≈ 2(nb log
2
Cb)σ + 2λlitho(m log

2
m)

+ (2λlitho log2 Cb + 2λnanonA)2



Although the formulas are the same except for a factor of
two multiplier, the number of codesCa needed for strategy
Sa is much larger than that needed for strategySb. In fact,
when ε = .01, w ≥ 10 andm < 5, 000, all reasonable
assumptions, analysis shows thatCa = 50nAw andCb <

15w [10]. Thus,Sb is clearly superior toSa.

5.2.2 StrategySc VersusSb and DRAM

StrategySc, which sets the parameters so that all NW codes
appear in every ohmic region with probability at least1− ε,
is clearly inferior toSb. Most wire encodings are repeated
multiple times, which is a waste of real estate. However,
when binary-reflected codes are used, the translation pro-
cess is trivial. For this reason,Sc may offer a practical first
step to replacing the DRAM with a nanotechnology-based
crossbar [10].

5.2.3 Summary Comparison of Strategies

Sb is superior to the other two mod-doped crossbar design
strategies. However, it requires discovery of internal ad-
dresses and address translation, unlikeSc, for which the
translation process is trivial.

6 SNAP-Based Crossbars

As mentioned above, SNAP can be used to produce very
long, straight NWs with very few defects. However, all the
NWs are the same. The use of high-K dielectric regions
to differentiate them has a problem, regions as small as the
pitch of NWs cannot be produced. The proposed solution is
to randomly place the smallest regions [14].

Three models for this random placement have been cre-
ated and analyzed [11]. It has been shown that in all models
the number of small regions needed to guarantee that all
NWs are controllable is large. This means that this method
of controlling NWs is likely to be impracticable.

7 Data Storage in Large Nanoarrays

The goal is to write an array of 1s and 0s into a cross-
bar in a small number of steps. It will be possible to write
subarrays of 1s (stores) or 0s (restores) in one step. We ask
“How difficult is it to find optimal storage sequence?” and
“Do restores help?”.

It has been shown that the first question isNP-hard [12].
That is, unlessP = NP, no polynomial time algorithm exists
for it. As a consequence, approximation algorithms have
been examined. This problem has also been shownNP-hard
but only when stores are used [12]. It is not known whether
the approximation problem becomes easy when restores are
also allowed.

As a consequence of these results, other approaches
have been explored [12]. They include programming ar-
rays using subarray operations on a bounded number of
rows or columns, for which good approximate polynomial-
time algorithms exist, and developing programs for partic-
ular structured arrays, for which fast algorithms have been
found. For example, the diagonaln × n matrix, which re-
quiresn operations when on stores are allowed can be done
in 2dlog2 ne steps when restores are also allowed.

8 Other Materials and Systems Issues

New materials are being developed that have the poten-
tial to create other realizable nano-electronic components.
Core-shell NWs [20] in which shells are superimposed on
NW are in this category as is a new method to metallize
NWs [27] and greatly reduce their resistance after they have
been assembled into arrays. NW resistance can have a large
impact on the time to store data in arrays.

Coping with defects and faults [7, 25], minimizing power
consumption, and making design decisions to simplify man-
ufacturing are other issues that are under investigation.

9 Conclusions

Nanotechnology offers the promise of continuing the
Moore exponential growth of chip density. However, it in-
troduces new problems that need to be addressed. The small
size of nanometer-sized objects means that control of their
exact placement is replaced by stochastic assembly over
which the designer and manufacturer have some control.
The principal challenges of nanotechnologies are to cope
with stochastic assembly, the defects that arise naturally,
and the embedding large problems into arrays of randomly
assembled structures. Nanotechnology is an emerging field
full of interesting problems.

My collaborators in the work reported here are André
DeHon, Benjamin Gojman, Lee-Ad Gottlieb, Charles
Lieber, Patrick Lincoln, Eric Rachlin, and Arkady Yerukhi-
movich.
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