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Abstract

Same ideas are presented for achievng low-
overhead reoonfigurability in systems built from
nanoscale cmponents. Viathree eample drcuits, it
is demonstrated how it will be possble to exploit a
number of alternative” dimensions’ —apart fromthe
ohvious gatial dimension - to construct compact
configurable cdls. Configurability based on dud
gate transistors using RTD-based multi-valued logic
and the \ariable resistance of phase-change filmsare
shown. A high-density non-volatile reconfigurable
cdl is proposed in which a double junction spin filter
tunrel junctionisbuilt on avertical conducting gdllar
and integrated into a nearest neighbaur-conneded
mesh. Same brief comments are made abou how
computing applications might exploit such a
homogenous nonvolatile processng mesh.

1 Introduction

Rewnfigurable achitedures are of grea interest to
system designers becaise they offer a way of
adhieving power and performance dficiency by
matching algorithmic constructs with the gpropriate
architectures [1]. The traditional approach to
reconfiguration, in FPGAS for example, has been to
build separate aeas of programmable logic gates and
interconnedion hblocks from transistors and to
manage the two resources more-or-less ®parately
during the synthesis process. Much of the work on
constructing recnfigurable platforms has therefore
been dreded towards answering the questions “how
much of ead and in what form?” [2], [3]. Thisis
largely becaise recorfiguration is expensive — it
increeses the aea and power requirements, while
reducing the performance of a system compared to
purpose-built solutions'. It also places constraints on
the solution space accgsble to the synthesis process
that are unique to the particular platform, reducing
the generality of system solutions.  Achieving
optimum performance in a reconfigurable system by

! This has been stated as the “Law” of FPGAs vs. ASICs:
"for any FPGA-based application, there is an ASIC
implementation o the system that is AT LEAST as fast,
dense, power-efficient, and cheap in (very) high volumes as
the FPGA based solution” [4]

striking a balance between logic and interconned is
often difficult.

The @ntinued scding of devicesinto the degp-sub-
micron region will have anumber of consequences
for reconfigurable systems. For example, it appeas
likely that only arrays of simple cdls with highly
locdised interconred will be available. Thiswill be
the inevitable result of the reduced fanout, power
handling capadty, gain and reliability of DSM
devices. Thusit islikely that the boundaries between
logic and interconned will beame incressingly
difficult to identify.

On the other hand, as a result of scding novel
circuit techniques are becoming available: verticdly
integrated and thin-film based transistors,
heterogenous resonant tunrelling devices, single-
eledron quantum dots and spin filter devices to name
just afew.

This paper addresses the basic question: how can
low-overhead rewnfigurable systems be built with
nanoscde techndogy? It is proposed that the answer
to this question is redly the same as that for
adhieving high fabricdion density — to exploit the
“3rd dmension” wherever available.

The use of aggresdve vertical integration is
resulting in some extremely compad circuits (e.g.
[5]) and 3D or spatialy stacked techniques promise
to increase this sgnificantly [6]. However, thisisnaot
the only “dimension” available. High density, high
functionality configurable building blocks can also be
adchieved by simultaneously exploiting a number of
available physicd variables (voltage, current,
threshold voltage; magnetic field, electron spin, etc).

Three plausible @nfigurable building blocks will
be described that illustrate how this might be
adiieved. In Sedion 2, an example is presented of
how transistor logic scded into the nanometer
domain can be mmbined with RTD-based multi-
valued logic to suppat fine-grained configurability.
A second example, in Sedion 3 exploits the
charaderistics of phase transition thin-films and
verticd integration to reduce the size of the cdl and
at the same time support non-volatile operation. In
Sedion 4 a cdl based on magnetic tunnelling
techndogy is described that exploits a number of
physicd variables to merge logic and configuration



into asingle space The fabrication o these building
blocks will not be described in exhaustive detail.
Rather, the intention is to explore how the particular
techniques might offer high functionality within
dense structures.

Finally, Section 5 briefly outlines a genera
diredion that computing applications might take on
such ahomogenous non-volatile procesgng mesh.

2 A Multi-valued SRAM Based Platform

This example mesh hrings together the Resonant
Tunnelling based multi-valued SRAM described in
[7] and more recatly in [8] and [9], the metal-
insulator tunnel transistor (MITT) [10], [11] and a
some of the 3D interconnedion ideas described, for
example, in [12], [13] and [14]. The resulting
structure forms a large planar logic mesh of simple
(2-inpu) logic gates in two of its dimensions, which
can be mnfigured into a interconneded logic
structure via averticdly stadked (multi-valued) RTD-
based RAM array.

Although their charaderistics are similar, the
MITT device [10] operates quite differently to a
standard FET. The gate voltage moduates the tunnel
barrier thickness changing the Fowler-Nordheim
tunrelling currents that flow through the
metal/insulator junction. In the proposed device
(Figure 1), a second (badk) gate has been added so
that the tunnelling current becomes a function of
both. A number of dua-gate transistors have been
described (e.g. [15], [16], [17], [18]) but none based
on MITT techndogy®. This ideahas the alvantage
that the dl-metal devices are compatible with current
fabricaion processes and can be eaily extended to
multi-layer 3D topalogies.

Accessng the two gates independently allows the
upper gate to be used to set the operating point of the
transistor — effedively setting the threshold voltage
of the lower gate that provides the logic connedion.
By setting the transistor bias points appropriately, a
logic gate can be built that exhibits three operating
regions (Figure 2) — always on (V;>0.1), always off
(V1<-0.4) and inverting operation with alogic swing
of 0.4V (-0.2 <Vg:< -0.1). The top-gate voltage Vg
will become the remnfiguration vdtage for the
homogenous logic mesh.

The 3-state memory cdl proposed by Wei et a [7]
and more recantly by van der Wagt [8] provides a
useful medhanism for generating the three threshold
voltages required. The basic memory cell is redrawn
in Figure 3 along with its (idedised) |oad-line aurves.

2 the badk-gate is not intrinsically necessary in this case as
the operation would be the same with any dual-gate
transistor. The bad-gate makesthe &l layout denser.

To merge this into the processng mesh will involve
matching the Vg; values required to set the MITT
into its three operating domains with the RTD
tunrelling vdtages Vi.; which are set, in turn, by
adjusting the (AlAs) barrier thicknesses of bath
RTDs[19].

The top gate mnredions form the cntad point to
the RTD memory cdls. In the cnfiguration shown,
memory cdls are paired with eah pair setting the
configuration for the two-inpu NOR gate below.
The cél layout depicted in Figure 5 is based ona
similar layout described in [8] andill ustrates how the
heterojunction RTDs might be assmbled on a
substrate grown over an insulator layer containing the

MITTs.
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Figure3 RTD-Based SRAM Cdll (from[7])

A major problem with RTDs is the need to closely
control the growth of the tunnelling layers as the
tunnelling current depends exponentially on the
tunnel barrier thicknesses. For large scaleintegration
[11/V technology appears to be the most promising,



although a number of significant processng
challenges remain [20]. At present the integration
density is limited by the minimum lateral feaure
sizes for RTD devices (about 1 um) and their
operating currents (peak currents are éout 5mA).
The Nanotedhnology Roadmap [20] predicts that they
will scde to abou 200 by 2006 and around 50m
by 2012 At this point, these RTD-based memory
cdls could be built with dmensions down to abou
300nm x 100nm, and the MITT based logic cdls
should scde to ~10nm gate lengths. Thisrepresentsa
density in the order of 3 x 10° cdlslem? or the
equivalent of about 10° 2-input gates/cm?.
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Figure4 An Example Logic Cell, Layout and
Tiling

Bit Line

8's '8 )

SJbs(raIe 2

\\\%

Figure5 Verticdly Integrated Logic Cell Structure

3 Phase Transition Devices

Phase transition RAMs generally comprise layers
of chal cogenide semiconductor thin-films (containing
a least one group-VI element) and use a reversible
structural phase thange & the storage mechanism.
The memory cdls ad as afast programmabl e resistor
that can be programmed by the gplication d a
current pulse.  Phase transition technology has been
in use for a number of yeas in nonvolatile
applications such as opticd disks and more recaitly
phese-transition RAM have been proposed [21], [22].

For opticd disk applications, the differencein opticd
charaderistics between the aystalline and amorphous
states defines the logic state of an individua cdl,
whereas for RAM applicaions it is the resistance of
the film that is measured [23].

The chalcogenide dl oy material is compatible with
current (CMOS) logic fabrication, adding only 2 - 4
late, low temperature mask steps to a standard
process[24]. The technology scdes well as smaller
memory cells use less power during the phase
change, operate a lower voltages, are less prone to
eledric field damage and therefore have much greaer
write/erase lifetimes. Stable operation haes arealy
been reported with phese transition aress down to
20nm in diameter [21] and multi-state storage via
programming to intermediate resistance values has
been demonstrated [24].
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By using a chalcogenide resistor as the load for a
resonant tunnelling diode (Figure 6), it is posshle to
creae asmaller multi-valued RAM cdl that is also
non-volatile. As shown, the variable resistance of the
phase-change film is used to establish the three
operating points as before. Thedesign of the cel will
involve matching the operating resistances of the
chalcogenide material to the V-l charaderistic of the
RTD, and at the same time minimising the static
power disspation o the mnfiguration cdl. Thiswill
neal to be held at less than 1w per cdl if the
potential maximum mesh densities are to be redised
in practice



A possble 3D layout shown in Figure 7 merges the
chalcogenide film with the top gate of the MITT.
The resulting structure is compad, with alikely final
cdl sizeunder 150rm square. However, by adopting
a onventional (PROM) memory array structure,
substituting a schottky diode for the RTD and
expanding verticdly (Figure 8), the cdl can be made
even more (laterally) compad. In this configuration
(shown in this case on a standard silicon substrate)
the schoattky diode ads both as current isolation for
the memory array and to set the reference point for
the logic aray. Although a silicon junction is
probably simpler to fabricae, GaAs might be abetter
choice & it broadens the dhoice of metals that might
be used to form the schottky junction. Improved
metal-to-metal diode junction techndogy may even
allow the semiconductor substrate to be diminated
entirely.
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Figure8 PROM Style Cell Layout

The cdl layout as drawn assumes that the
chalcogenide film and its resistive heaing e ement
can be fabricaed as a narrow (e.g. 20-30nm) verticd
pillar. The objective is to control the operating
resistance of the film and thus manage the static
power disgpation d the configurationcdl. In Figure
8 the MITT source and dain connedions are
perpendicular to the page and the verticd conredions
to ground etc. have been omitted. Seven layers of
interconned metal are used, including the power and
ground planes necessary to reduce inductance and
crosstalk in the bit and word lines [25].

During normal operation, the word line is held at
the reference voltage (V4 in Figure 6)and the bit line
a Vss (or ground). Programming a particular bit
involves tting the bit/word voltages such that only
the bit to be programmed sees a voltage @ove the
transition threshold acossthe chalcogenide film. As
theindividua referenceMITT cdls can be mnneded
by abutment, with adjacent cdls saring a pull-up
device (e.g. a thin-film resistor), this layout will be
very compad — gate density could read the
equivalent of 4 x 10° reconfigurable 2-inpu gates per

cm® It is aso likely that deep trench techniques

similar to those used in the S-SGT DRAM device[5],
with the non-volatile dhalcogenide film replacing the
storage cgadtance, could reduce the footprint even
further.

It isworth noting that this density isadcieved at the
cost of system level flexibility. Individua bits are no
longer programmable while the logic mesh is
operating as the bias condtions of the entire mesh
needs to be disturbed to program just one bit. This
could be partially managed by partitioning the aray
into separately programmable aeas (which might be
necessry in any case, due to eledricd loading
considerations) but this would simply transform the
problem into one of dedding the optimum size for
these partitions.

Both of these first two examples dare a
charaderistic in common with the mgjority of current
reconfigurable devices such as FPGAs in that the
configuration mechanism and the logic mesh occupy
completely separate spaces. In this case, unlessthe
mesh layout is augmented to all ow for logic plane 1/O
(for example, by incorporating a separate word/bit
read mechanism on additional layers), it would be
constrained to the alge of the chip. In the fina
example that follows, logic and reconfiguration are
merged into the same physicd space

4 A Nano-Magnetic Platform

Thin-film magnetic technology seens <t to
challenge dynamic and nan-volatile memories based
on conventional semiconductors [26]. For example,
Cowburn and Welland [27] have suggested that nano-
magnetic technology (Magnetic QCAS, in their case)
may eventually suppat non-volatile active device
densities in the order of 2.5 x 10"Ycm? with a power-
delay product that is 10 times less than current
CMOS.

Magnetic memories are being developed based on
the giant magneto-resistive (GMR) effed using
devices auch as spin-valves and pseudo-spin-valves
in which patterned magnetic multi-layers change
resi stance with changing magnetic moments between
the layers [28]. Devices typicdly comprise two
layers of ferromagnetic material separated by a non
magnetic insulator and are “on” (lower resistance) if
the diredion of magnetization in the two adjacent
layers is the same and “off” (higher resistance) if it is
in oppaite diredions. The layers must be narrower
than the magnetic domain wall for the dfed to
emerge, but it remains gable and reproducible with
deaeasing geometries [29]. However, only a very
limited effed has been achieved to date with reported
AR values ranging between 18% and 40% at room
temperature. This is adequate for non-volatile RAM
applicaions in which the resulting small voltage



changes can easily be deteded. GMR-based logic
has been proposed [30] but its operating currents are
still much toolarge for high density integration.

An aternative magnetoresistive tunnel device has
been suggested [31] that has a patential GMR many
time larger than this — possbly as high as 10°. The
double spin filter tunnel junction (DSFTJ) reverses
the usual structure of spin devices in that the tunrel
barrier material is formed from two dfferent layers
that are insulating but are magnetic and exhibit
unequal coercivities Figure 9. The coercivity of one
layer is chosen to be very large so that it remains
“pinned” (unable to be changed), while the other has
asmaller value that the diredion of its magnetization
can be changed more eaily.
pinned free
normagnetic| magnetic | magnetic [normagnetic

electrode | barrier | barrier |electrode

!

d d

Figure9 Doube Spin Filter Junction (from [31])

In DSFTJ layout proposed in Figure 10, the thin
magnetic barriers are formed on the surface of a
conductive pillar. The resistance is varied between
the inner pillar and the multiple outer conductors that
provide neaest neighbou conrection. In this case a
square lattice is down bu other layouts (e..
hexagonal) would be equally possible.
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Figure 10 The “Bullseye” Double Tunnel Junction

While much of the enabling techndogy exists,
there ae ill a number of significant technicd
challenges to be overcome to make the device work.
High density pillars of metallic and/or magnetic
materials have been grown for applicaions such as
quantized magnetic disk technology. Techniques

such as e-bean lithography, RIE and plating or nano-
imprint lithography have resulted in the production o
pillars and rings of material down to 10rm diameters
on 40mm centers with asped ratios of 10:1 [32].
However, it is likely to be difficult to find materials
with just the right combinations of small band gap
and large exchange splitting, that exhibit appropriate
hysteresis curves and can be grown in thin, pinhole-
free layers on a latticematched conductor. It has
been demonstrated that ferrites cen be grown
epitaxialy on S'TiO; [33] so this would represent a
good starting point in the seach for suitable
materials.

The model for the DSFTJ developed by Worledge
and Geballe [31] predicts that its magnetoresistance
will be a exporential function of the layer
thicknesses @ the device beaomes more sensitive &
the thickness of the barrier layers is increased.
Unfortunately, its resistance is also an exponential
function o barrier thickness making it difficult to
control the summing currents between devices®. The
programming current must be aleto be set at avalue
sufficient to saturate the freelayer without switching
the pinned layer which implies that either the two
layers must start with widely differing coercivities, or
the variation acossthe mesh needs to be very closely
controlled.

A caeful tradeoff will need to be made between
the thickness (and therefore the GMR), the tunrel
resistance, the wercivity of the two layers and the
available programming current. Other important
issues will include magnetostatic interadions not
only between the layers but possbly between the
adjacent nanomagnets within the aray [34], the
effed of diameter and thickness on the hysteresis
curves [35] and domain dugication between layers
[36].

The ajacent devices creae alogic mesh in which
resistive interconredions may be creaed by
manipulating (programming) the magnetic fields
within the spin junctions. In the network of Figure
11, currents are summed into the non-lineaity of the
RTD. Thislogic aray isfunctionaly identicd to the
colledion of resistively coupled quantum dats
proposed by Roychowdhury et al [37] except that
now the connedivity is programmable and non
volatile. Just as in Roychowdhury’s proposdl,
adhieving uwni-directional logic operation is a
potential problem with this array.

Processng would start with the RTD substrate
followed hy the patterning of the top RTD contads.
The contads would then form both the mask for the
mesa dch stage of the RTD and the seed points for

3 For the eample given in [31], a 1% change in d will
result in a 13% changein resistance.



the growth of the cmntaa pillars. Finaly, after
epitaxial deposition d the magnetic layers over the
pillars and petterning the interconred metal, a layer
of oxide would be grown and planarized ready to take
the upper layer of adive devices.

A straightforward way to addressand program the
individual junctionsisto arrange them in aRAM-like
array by integrating an isolation transistor into the
cdl (Figure 11). A Verticd Tunnelling Transistor
(VTT) [38] would be particularly suited to this
applicaion as it can be formed by a seledively
patterned epitaxial metallisation of a SOI substrate
grown over the magnetic array and the overall device
islikely to be scdable to lessthan 1nm square, while
maintaining high current density.

VDD

Conductive substrate

Figure 11 Magnetic Logic Element

In this case, the VTT is conreded, via the lower
side of its urce to the centra pillar of the DSFTJ
and ads both to supply the programming currents and
to read the voltage level of theresult. Thetop side of
the sourceis pulled up to Vpp via a thin-film resistor
or similar (not shown). Only one arrent pulse’ is
needed to configure devices to on a off. In
additional, the isolation transistor provides a
convenient way of applying aglobal signal (such asa
multiphase dock signal) to the logic mesh.

This verticdly integrated approach could
eventually suppart tunrel junction densitiesin excess
of 2 x 10"Ycm? athough how this translates into
logic gates is complicaed by a number of issues.
Firstly, while it takes a minimum of threejunctionsto
form a two-inpu logic gate, ead independent logic

4 this assumes that the “pinned” layer is st in manufadure
and only the free layer is controllable. Reaxing this
constraint offers ome interesting extensions to the basic
idea. The double tunnd junction is inherently a four-state
device and the RTD has ymmetricd charaderistics about
zero. Thus the cdl intrinsicdly supports a balanced ternary
logic representation that could be eploited to reduce logic
complexity.

block must be surrounded by a palisade of isolation
cdls. The atua number of these isolation cdls will
depend the logic optimisation and the adua
placement topology and has an opimistic lower
bound o 4mn” (for m logic blocks ead with n
junctions) - which tends to favour fewer, larger
blocks as alayout strategy. Isolationaso needsto be
provided for faulty gates. Thisincludesnot only hard
failures (i.e. short-circuits) but devices that fail | ogic
and/or parametric tests — exhibiting low current or
longer than acceptable delay times. Whileit is clea
that reconfiguration is a very powerful technique for
maintaining reliability in a logic network [39], most
analyses appea to be based on the asumption that
faults are randamly distributed and their effects are
locdised. However, the blocking caused by a duster
of faults in an areamay cause significant “flow-on”
effeds for that could conceivably cause a large
number of otherwise good cdls to beomme
unavailable to the place and route process

As logicd inversion is nat posshle in this type of
system, all logic variables and their inverse must be
maintained right through the system, potentialy
doubling the number of junction cdls used for a
particular function. Finally, as for standard MRAM
devices, on-chip spaceis required by suppart circuits
such as current-drive and voltage detedion, address
generation etc.

5 Reconfigurable Spatial Computing

The dedsion about how to perform a particular
computational task has traditionally involved striking
a balance between hardware and software — between
the spatial and the temporal domains [40]. At one
extreme, full custom hardware offers parallel spatial
exeaution with very little flexibility or generality. At
the other, software implementations exploit a more-
or-less “genera-purpose’” platform to provide a
flexible but lower performance solution.

To reduce the performance gap between these two
extremes, complex hierarchicd memory schemes
have eamerged that try to hide the st of moving code
and chta items from one place to ancther in a
procesor system. However, it is clea that the
returns from the increasing'y complex structures used
for functions such as geaulation, reordering, and
cading are rapidly diminishing (e.g. [41]) and may
eventually beaome munter productive®. The move to
nanoscae devices wil | accéerate this trend.

The concept of 3D memory has been proposed [43]
as a way of bringing memory and pocessng

° Kozyrakis et a put it more strongly: “ cache memory is
just a redundart copy of information that would na be
necessry if main memory had kept up with processor
spedd” [42].



physicdly closer together (Figure 12a). If the
overheads associated with reconfigurability can be
reduced sufficiently, there is no fundamental obstade
to completely removing this eparation d memory
and pocesding and with it the performance gap
between the two. This may ultimately lead to a
computing system in which al storage — registers,
cades, main memory and even eventually disk —
unified within the processng mesh (Figure 12b).

—_— e -
memo y/ rocessorlay
-\.L j:
vertical
‘ [nterconnect’ ‘
—_— e =

base substrate

o s o g e

memory: fayers

Inter-Tevel Dielectri

IC substrate

a) 3D ROM b) 3D Processor/memory

Figure 12 Comparison between the 3D-ROM
concept (from [43]) and D merged
processor/memory.

6 Conclusions

In this paper, some ideas have been presented
about how low-overhead rewmnfigurable systems
might be built to exploit the charaderistics of
emerging nanoscde devices. Although na all of the
enabling technology is currently available, the
example drcuits presented have demonstrated that it
will be possble to exploit a number of aternative
“dimensions’ — apart from the obvious atia
dimension - to construct compad reconfigurable
cdls.

Dual-gate transistors are of grea interest as they
offer a way of avoiding short channel effeds and
substrate legkage (in CMOS) as channel length is
scded down. Given that the secnd gate can be
justified on these grounds, the aility to configure the
transistor’s operating region can be added with very
little additiona overhead. All that is required is an
efficient means of developing the multi-level
reference voltages and this has been illustrated using
both RTD and phase change chal cogenide devices.

A high-density nonrvolatile reconfigurable cdl has
been proposed in which a doule junction spin filter
tunnel junctionis built on avertica conducting pillar
and integrated into a neaest neighbour-conneded
mesh. Whether the basic device can actually be built
relies on the discovery of materials with the right
combinations of small band gap and large exchange
splitting, that exhibit appropriate hysteresis curves
and can be grown in thin, pinhole-free layers on a
lattice-matched conductor. The avail ability of this
sort of high-density non-volatile reconfigurable mesh

can provide aflexible, defed tolerant platform that
will alow novel 3D spatial computer architedures to
be eplored.
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