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Abstract—Single-Electron Transistor (SET) at room tempera-
ture has been demonstrated as a promising device for extending
Moore’s law due to its ultra low power consumption. However,
early realizations of SET array lacked variability and reliability
due to their fixed architectures and high defect rates of nanowire
segments. Therefore, a reconfigurable version of SET was pro-
posed to deal with these issues. Recently, several automated map-
ping approaches were proposed for area minimization of recon-
figurable SET arrays. However, to the best of our knowledge,
no mapping approaches that consider the existence of defective
nanowire segments were proposed. Thus, this paper presents the
first defect-aware approach for mapping reconfigurable SET ar-
rays. The experimental results show that our approach can suc-
cessfully map the SET arrays with 20% width overhead on aver-
age in the presence of 5000 ppm defects.

1. INTRODUCTION

Power consumption has become one of the primary bot-
tlenecks to meet the Moore’s law. To deal with this issue,
many emerging low power devices have been explored in re-
cent years. Among these devices, several demonstrations of
the room temperature operation of Single-Electron Transistors
(SETs) have proved that these devices are promising candi-
dates that substitute traditional Complementary Metal-Oxide-
Semiconductor (CMOS) devices for future designs [3] [15]
[16].

Since only a few electrons are involved in the switching pro-
cess, SETs suffer from low transconductance. Therefore, the
conduction mechanism of the conventional CMOS-based logic
is not applicable to SETs. To this end, a binary decision di-
agram (BDD)-based [2] architecture was proposed as a fea-
sible platform for implementing logic functions using SETSs
[1]. Using this, a Boolean circuit can be implemented through
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mapping the BDD of the Boolean function onto an SET array,
which is represented as a hexagonal nanowire network con-
trolled by Schottky wrap gates [10][11].

However, the realization of the architecture proposed in [11]
is fixed and not amenable to functional reconfiguration. Fur-
thermore, if any of the nanowire segments or the wrap gates
is defective, the whole circuit becomes useless. This causes
its low yield due to a high defect rate of nanowires and nan-
odevices. Fortunately, a reconfigurable version of SET using
wrap gate tunable tunnel barriers was proposed [9] to increase
the flexibility and reliability of the SET arrays [1][10][11].
The electrostatic properties through in-depth device simulation
were also presented in [12][14], which showed that this device
can provide an energy-delay product that is an order of magni-
tude lower than traditional CMOS devices.

Fig. 1(a) illustrates the structure of the reconfigurable SET
array, which can be divided into three layers. The bottom
layer is the device layer, which is composed of the hexago-
nal nanowire network with wrap gates. The middle layer is
used to configure the operating modes of every transistor. The
top layer takes charge of input signal connections to SETs. If
some nanowires or wrap gates (bottom layer) are defective af-
ter manufacturing, we still have a usable SET array through
configuration in the middle layer.

Recently, this success of SET array realization attracts the
development of its automation tools [4]-[8][13][17]. The first
automated synthesis approach was proposed in [4], which pre-
sented a product-term-based approach that synthesizes a logic
circuit by mapping all its product terms into the SET architec-
ture. Based on the product-term-based approach, [6][8] pro-
posed mapping approaches to reduce the number of hexagons
of the mapped SET arrays under symmetric fabric constraint
by using product term reordering and variable reordering tech-
niques. Additionally, [8] also tried to form ladder-like and
branch-than-share mapping structures to reduce the number
of hexagons needed. However, the area of an SET array on
a chip is the product of its bounded height and width. As a

118



Input signal layer

7 -
X . Operating modes \
ol /Xg, N
X3 / I/ (high, low) (low, high)
L RS
; Configuration layer | /\ 9,

Ji (short, short) (apen, open) 7

T
//// // // // // // // e

T

(c)

Device layer

Wrap gate SET ==

Nanowire

Node device

Leftedge Right edge

(a)

Fig. 1. (a) Physical architecture of a reconfigurable SET array. (b) Operating
modes. (c) Symmetric fabric architecture for input wiring.

result, [7][13] proposed width minimization approaches®. [7]
dynamically chose the best unmapped product terms to achieve
a maximal sharing. [13] focused on minimizing the number
of product terms and fully utilizing the architecture flexibility
under the symmetric fabric constraint to obtain more compact
SET arrays. In parallel with the development of mapping tech-
niques, the first satisfiability (SAT)-based verification method
for SET arrays was also proposed [5].

Although the previous mapping techniques are effective and
efficient, they all assume that the device layer of SET array is
defect-free. This assumption, however, does not match the real
situation. Therefore, if some nanowires or wrap gates are de-
fective after manufacturing, previous approaches might fail to
map. This is because the mapping process must avoid the de-
fective areas for correct mapping. As a result, in this paper, we
propose a defect-aware approach when mapping SET arrays.

In this work, we also propose a defect model, which consid-
ers three types of failures: single-stuck-at-open, double-stuck-
at-open, and stuck-at-short, on SET arrays. We then propose a
baseline defect-aware mapping algorithm, which can success-
fully map SET arrays by detouring the defective devices. Fi-
nally, we further propose a defect-reuse mapping algorithm that
reuses defective device for width reduction.

We conducted an experiment in this work. The IWLS2005
benchmarks [18] are the circuits to be mapped in the experi-
ments. In the experiment, we uniformly and randomly injected
0.5% defects into SET arrays. This defect rate is a user defined
parameter. However, 0.5% or 5000 ppm is higher than that
in conventional CMOS process [19]. The experimental results
show that our approach can successfully map the SET array.
The width increases are 20.48% and 16.42% on average in the
baseline algorithm and in the defect-reuse algorithm, respec-
tively, compared to the defect-free SET arrays.

The rest of the paper is organized as follows. Section II in-
troduces the backgrounds of this work. Section III presents
the defect model and the proposed defect-aware mapping al-
gorithms. The experimental results are shown in Section IV.

LThe height of an SET array is usually the same with the number of inputs
in a circuit.

1C-4

Current detector

- N
A (high ,low)
Db
. /\ ! a®b

\|’|"'O U (low, high) _t_
,o”"na/K //\ a/\\.a’
A 1

O K
/\\ N (short, short)
N N . ,~*°"‘.A.'°., b b

1 1 (open ,open) 1

Current source

(a) (b) ()

N

a/\\‘a’
b”/ b
1
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diamond-shaped network of a @ b [4].

Section V concludes this paper and presents future works.

II. PRELIMINARIES

A. Reconfigurable SET Array

A reconfigurable SET array can be represented as a hexago-
nal network as shown in Fig. 2(a). At the top of the SET array,
there is a current detector measuring the current coming from
the current source, represented as 1, at the bottom. When the
electrons transported from the current sources are detected by
the current detector through a conducting path, which is con-
trolled by the input variables, the output value of the Boolean
circuit is 1; otherwise, it is 0. Each sloping edge in the SET ar-
ray can be configured as one of four modes: high, low, short,
or open. A high (low) edge indicates that the corresponding
SET device operates in active mode controlled by a variable
x (2'). Furthermore, a short (open) edge is electrical short
(open), where the corresponding SET device operates in short
(open) mode. For example, Fig. 2(b) shows an implementa-
tion of a & b. The current detector detects the current and the
function will be evaluated as 1 when either (a = 1,b = 0) (left
path) or (a = 0,b = 1) (right path).

Since all the vertical edges of the hexagons are electrically
short, for ease of discussion, only the sloping edges are pre-
served in the abstract graph. Fig. 2(c) is the correspond-
ing diamond-shaped network of the hexagonal network in Fig.
2(b). Note that the connections to the current source are short
edges as well.

B. Symmetric Fabric Constraint

To reduce the routing area of input wiring in SET arrays,
symmetric fabric constraint is imposed in all the previous
works. Symmetric fabric constraint enforces that a pair of left
edge and right edge of a node device must be one of (high,
low), (low,high), (short, short), or (open, open), as shown in
Fig. 1(b), and both (high, low) and (low, high) configurations
are not allowed to appear in the same row simultaneously, as
shown in Fig. 1(c).

C. Branch-then-Share

Branch-then-Share product terms are two product terms
that branch in one row and merge in the succeeding row such
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Fig. 4. The proposed defect model. (a) A defect-free node device. (b)
Examples of single-stuck-at-open defects. (c) An example of a
double-stuck-at-open defect. (d) Examples of stuck-at-short defects.

that the remaining edges are all shared [8][13]. These struc-
tures effectively shrink the width of mapping area. In this pa-
per, we also consider all types of two-bit Branch-then-Share,
as shown in Fig. 3 [13], in our mapping approach.

III. DEFECT-AWARE MAPPING ALGORITHM

In this section, we first introduce the proposed defect model.
Based on this defect model, we then propose a baseline defect-
aware mapping algorithm, which can successfully map SET
arrays by detouring the defective devices. Finally, we further
propose a defect-reuse mapping algorithm that reuses defective
devices for width reduction.

A. Detect Model

Open and short are common types of failures that occur
in the SET devices. These failures can occur when the pro-
grammable gate of the SET device is defective and results in
either a permanent short or open conditions. Short could arise
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from variation in fin thickness leading to lack of pinch off by
depletion region under the split gate. Open could arise from
excessive thinning of the etched fin leading to physical disrup-
tion in the continuity of the branch. In addition, the nanowires
connected to the SET devices would also suffer from open and
short failures caused by manufacturing defects. Fig. 4(a) shows
a defect-free node device. If an open defect occurs on a SET
device or occurs on a nanowire connected to the SET device,
i.e., on the left edge or the right edge of a node device as shown
in Fig. 4(b), the electrons transported from the lower node de-
vice will never pass through the wrap gate. This single defec-
tive edge is named as a single-stuck-at-open defect. If an open
defect occurs on a vertical nanowire of a hexagon, as shown in
Fig. 4(c), the electrons transported from the lower SETs will
never pass through the vertical edge. In this case, we say that
this node device has a double-stuck-at-open defect. If a short
defect occurs on a SET device or occurs on the nanowires con-
nected to a SET device, as shown in Fig. 4(d), this defective
edge will be always conducted. We name this defect a stuck-
at-short defect.

In the succeeding discussion, these three types of failures
are considered. Their corresponding representations on the net-
work are shown in Fig. 5, where DOpen and DShort represent
the permanent configurations caused by the defects and their
functionalities are the same as open and short configurations,
respectively.

B. Baseline Defect-aware Mapping

The previous works [6][13] focused on developing reorder-
ing techniques and mapping approaches for minimizing the
area of defect-free SET arrays. In this work, we adopt the result
of product terms after the reordering, and focus on the mapping
algorithm for a defect-aware version.

When defects occur in SET arrays, we have to deal with them
in the mapping process. Since defects are considered open or
short, they can be treated as certain already been configured
edges that might be against the symmetric fabric constraint. In
the mapping process, for open defects, they might be obstacles
for conducting a path. For short defects, however, they might
be pitfalls resulting in invalid paths.

In the baseline defect-aware mapping algorithm, if there is
only one DOpen edge or DShort edge at a node device, we
configure the other edge as open before mapping. Additionally,
since the DShort edge possibly causes undesired invalid paths,
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Fig. 7. (a) An example of expansion meeting defects. (b) An example of
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we configure (open, open) to node devices that are adjacent to
and below the DShort edge for isolation. We call these (open,
open) configurations a side protection and a bottom protection,
respectively, in this paper.

For example, Fig. 6(a) shows the original mapping result of
the product term 10 — 0. If there occurs a DOpen defect at the
right edge of the node at (z,y) = (-1, 3) in the SET array, as
shown in Fig. 6(b), we detour the mapping and add a (high,
low) configuration at (z,y) = (1, 3) for mapping the product
term. If there occurs a DShort defect at the left edge of the node
at (-1, 1), as shown in Fig. 6(c), we add a side protection and
a bottom protection at (-3, 1) and (-2, 2), respectively, before
mapping the product term. Then, we expand two nodes to the
left at the first row to detour the defect, and the (high, low)
configuration at (-1, 1) of Fig. 6(a) is moved to (-5, 1). The rest
of mapping follows the ordinary mapping algorithm.

In the last examples, we use short edges to change the con-
figuration direction or use expansion operation (short edges
as well) to detour the defective areas for successful mapping.
However, the expansion operation itself might encounter de-
fective areas as well. If the expansion meets defective areas,
the mapping process looks for another edge at upper rows for
a trial of expansion again. For example, as shown in Fig. 7(a),
assume that the product term 1001-100 has been mapped. We
would like to map the product term 1001-1-1, and an expansion
at (-2, 6) is required. However, during the expansion to the left
for two nodes, we meet a (DOpen, DOpen) defect. Therefore,
we discard this expansion and expand at another location of (1,
5) as shown in Fig. 7(b). Finally, the product term 1001-1-1 is
successfully mapped.

Note that the connections to the current sources could be de-
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Fig. 8. Examples demonstrating that DOpen and DShort defects are not on
the path to be configured.

fective and is also considered in this paper. However, to ensure
that the expansion can be performed eventually for successful
mapping, we assume that no DOpen edges occur at the first row
of SET array. Otherwise, the mapping process would fail with
a high probability. Furthermore, we also assume that no defect
occurs at (0, 0) since (0, 0) is the location connecting to the
current detector. Any defect occurring at (0, 0) would directly
make the mapping process fail.

C. Defect-reuse Mapping

Since the defects are open or short, and they are the same
with normal configurations, except singular (one edge) con-
figuration, we can reuse the defects if they are applicable for
width reduction. Therefore, in this subsection, we propose a
defect-reuse mapping approach.

For a single DOpen or DShort defect occurring at a node
device, we leave the other edge intact such that it can be con-
figured as any desired type. Therefore, if the defective edges
are not on the conducting path during mapping a product term,
we can configure the other edge of the defective node device
as usual. For example, Figs. 8(a) and 8(b) show valid config-
urations when DOpen or DShort defects are not on the path to
be configured. We reuse the other edge of a defective node to
form the conducting paths.

In the mentioned defect-aware approach, we isolate DShort
edges using side protection and bottom protection to avoid cre-
ating invalid conducting paths. However, DShort edges could
be reused when short configurations are needed. Therefore,
we do not isolate DShort edges at once. Instead, we dynami-
cally add protection for DShort edges. Specifically, if we map
a product term downward, we add the side protection of the
DShort edges only, and remove the bottom protection. If we
expand the mapping to the left or right, we add the bottom pro-
tection of the DShort edges and remove the side protection. For
example, assume that there are two DShorts in the SET array
of Fig. 9(a). The original side protection and bottom protection
are shown in Fig. 9(a) as well. When mapping a product term
100-0100, however, we remove the bottom protection at (0, 4).
As a result, the DShort edge at (-1, 3) can be reused for the
don’t care bit of the product term as shown in Fig. 9(b). For
mapping another product term 100-01-1, we need to expand to
left at (-2, 6). Therefore, we remove the side protection at (-5,
5) such that the DShort edge at (-3, 5) can be reused as well.
Fig. 9(c) shows the mapping results reusing the DShort edges.
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IV. EXPERIMENTAL RESULTS

We implemented the proposed algorithms in C language.
The experiment was conducted over a set of IWLS 2005 bench-
marks [18] on a 3.0 GHz Linux platform. We re-implemented
the product term extraction technique proposed in [13] for ob-
taining the product terms. Then these product terms were an-
alyzed and reordered through the re-implemented reordering
and Branch-then-Share collection techniques proposed in [13].
The experiment shows the result comparison between different
mapping algorithms.

In the experiment, we uniformly and randomly injected the
defects into the SET array. The defect rate was set as 0.5% of
the number of sloping edges of the SET array where 0.1% is for
stuck-at-short defects, 0.2% is for single-stuck-at-open defects,
and 0.2% is for double-stuck-at-open defects. We conducted
the mapping algorithms for 10 defect maps of a benchmark to
obtain the average results.

Table I summarizes the experimental results of our exper-
iment. Columns 1-3 list the benchmarks and the number of
primary inputs and primary outputs. Columns 4 and 5 list the
width of the mapping result and the CPU time for defect-free
SET arrays, respectively. Columns 6-8 show the average width
of the mapping result, the ratio of the increased width com-
pared to defect-free mapping, and the CPU time in the baseline
defect-aware algorithm. Columns 9-11 show the corresponding
results in the defect-reuse algorithm.

For example, the benchmark pcler8 has 27 primary inputs
and 17 primary outputs. The original mapping algorithm re-
quires 0.11 seconds to map the benchmark on a defect-free SET
array with 256 width. The baseline defect-aware mapping al-
gorithm requires 0.11 seconds to obtain the average result of
287 width, or 12.11% ((287 — 256)/256 x 100%) increased
width compared to the original width. The defect-reuse algo-
rithm requires 0.16 seconds to map the SET array with 8.91%
increased width compared to the original width.

According to Table I, we can see that the widths of the map-
ping results obtained by the defect-reuse mapping algorithm
are less than that by the baseline defect-aware algorithm with
a little CPU time suffering. On average, the ratios of increased
width are 20.48% and 16.42% in the baseline defect-aware al-
gorithm and in the defect-reuse algorithm, respectively. The
experimental results show that the defect-reuse algorithm re-
duces the width growth.

V. CONCLUSION AND FUTURE WORK

In this paper, we propose the first defect-aware mapping
approach for reconfigurable SET arrays. The proposed algo-
rithms can successfully map SET arrays in the presence of de-
fects. The experimental results show that the defect-reuse al-
gorithm reduces more mapped width compared to the baseline
algorithm. Our future work is to discuss the influence of re-
ordering techniques on the defect-reuse mapping results.
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