ROMANIAN JOURNAL OF INFORMATION
SCIENCE AND TECHNOLOGY
Volume 11, Number 1, 2008, 49-57

Implementation Limitations
of Reliable Nanogates

F. MARTORELLI, S. D. COTOFANAZ, A. RUBIO!
'HiPIC group, Polytechnical University of Catalonia, Spain

E-mail: ferranm@eel.upc.edu, antonio.rubio@upc.edu
2Computer Eng. Group, TU Delft, The Netherlands
E-mail: S.D.Cotofana®ewi.tudelft.nl

Abstract. Predicted device reliability for nanoelectronics indicates that
redundant design will be necessary to build reliable nanosystems. The study
of such systems requires the evaluation of the error probabilities associated to
the fabrication process complexity. In this paper we compare two layouts for
a basic NAND gate used to implement NAND Multiplexing (NM) redundant
gates. To analyse the effects of the layouts, we derive models to calculate the
error probability of each gate part according to the resolution errors of the
manufacturing process. Our results indicate that gates built with diode-logic
topologies are more reliable than gates built with CMOS like topologies and
that the resolution errors and the area cost limit the redundancy of practical
NM gates.

1. Introduction

Electronic gates exhibit a certain error rate due to several uncertainty sources
such as fabrication defects, variations on the device parameters, internal noise (i.e.,
thermal noise and shot noise) or external noise sources (i.e., crosstalk, substrate noise,
and cosmic rays). The shrinking of the electronic devices near to the atomic scale [1,
2] increases the effect of these error sources. Therefore, as the electronic technology
goes into the deep nanoscale, the device reliability decreases rapidly [2]. Predictions
for nanoscale technologies indicate that the device reliability is expected to decrease
with several orders of magnitude [3] and current implementations confirm those pre-
dictions [4].
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In order to build reliable electronic systems using electronic nanotechnologies it is
necessary to include fault and defect tolerant capabilities into the electronic systems.
One of the most promising tolerant structure is NAND Multiplexing (NM) proposed
by von Neumann [5] and considered to be one of the best fitted for highly unreliable
gates [6,7]. This scheme uses redundant gates and wires, which, for the redundancy
levels required by nanotechnology, results in highly complex circuits. Considering
that building extremely small and complex patterns increases the probability of hav-
ing defective parts, it is necessary to analyze how the circuit complexity affects the
reliability of each circuit part and on overall of the redundant gate.

In this paper we compare two different layouts (CMOS-logic and diode-logic) for
a basic NAND nanogate. To evaluate the effects of each layout on the gate reliability
it is necessary to characterize the error probability of each gate part. Following this
goal, we consider a technology where the interconnections are fabricated using metallic
wires, with minimum feature size W (width and separation), following the standard
mask-deposition method and the devices are implemented with either molecules or
carbon nanotubes that are positioned somehow on specific contacts. We note here
that, even though possible, such a technology is just a discussion vehicle that allows us
to study the relationship between the manufacturing process resolution and quality
and the gate reliability. We propose models to estimate the error probability for
this technology and we compare the reliability of the two proposed layouts. Our
results indicate that the CMOS-logic NAND has 20 to 100% higher error probability
at an area cost which is 30 to 40% larger. Therefore, the utilization of diode-logic
layouts permits the potential construction of tolerant gates with a lower area overhead
and higher reliability. The NM gates are capable of increasing the gate reliability,
but the manufacturing process resolution errors and the area cost limit the practical
redundancy factor. For this reason simpler techniques [6, 8] may prove useful for
these technologies.

The paper is organized as follow: Section 2 introduces the nanoscale oriented
models for the reliability of nanodevices and interconnects. Section 3 describes the
proposed layouts for the basic NAND and the NM gate scheme. It introduces an area
cost estimation for the redundant gates. Section 4 presents the reliability study for
the basic NAND gates, the interconnections, and the redundant gates as functions of
the process quality. Finally, Section 5 draws some conclusions.

2. Reliability models

Circuits are built from metal lines, devices, and contacts. These elements are
not perfect due to the limitations in the fabrication process. Figure 1 illustrates
some of the resolution errors caused by the manufacturing process. The thickness,
height, and width of the metal lines vary (e,,) and their position may differ (&,,,) from
the nominal value. Besides, a small defect or transient fault may induce errors in the
interconnection with a certain fault probability (P,,). In a similar way the positioning
of the nanodevices is subject to errors (¢,) and they may be defective, the contact
may fail (even if the positioning was correct), or a transient fault may occur with a
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P, probability. Moreover when three terminal devices are considered it is necessary
to build the gate insulator. The width of the insulator may also vary (eg).
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Fig. 1. Errors due to process resolution.

The resolution errors can be assumed to be normally distributed with a standard
deviation covering 95% of the nominal error resolution (A). Using these errors it is
possible to calculate the error probability for a contact due to the positioning errors as:

PErrCont :P{sp_em_sw < |W/2‘}a (1)

where W/2 is the maximum allowed deviation, which is actually the acceptable devi-
ation for a minimum width wire.

An interconnection can be assumed to be defective if at some point it has a section
that is lower than 60% of the nominal section or it has a defect or a fault. Then, the
error probability for an interconnection is:

Ly Py
PE'rrWi're = PErrw + W (2)

where W and L,, are the wire width and length, respectively and Pg., is:

Pirrw = P{(W + €ua)(W + €uy) < 0.6W2}Lw/Lp ’ (3)

where €., and &y, are the accumulated error in each dimension per interconnection
slide. The interconnection is divided in L, /L, slices according to the fabrication
process resolution where L, = 50A,, reflects a certain correlation in the fluctuations
along the interconnection. The gate error is calculated in a similar way but considering
the gate parameters and a single slice.

Using these reliability models and the size information from the layouts presented
in Section 3 it is possible to calculate the error probabilities for each element com-
posing the basic NAND gate. We impose the condition that all the parts of the gate
must be functional to obtain a non-defective gate. Then, the error probability for
each layout can be calculated as:

PETTGate =1- H (1 - PETTPaTts)- (4)

3. Gate layouts

In this work we focus on NAND gates as they are universal Boolean gates. One of
the most common structures for this gate is given by static CMOS technology. It uses
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four 3-terminal devices to build the NAND gate. Figure 2 presents the circuit topology
and the proposed layout with gate height H, = W + 3L and width W, = 8W. The
top and bottom metal lines indicate the power supply voltage lines. The u-shaped
lines define the gate connections and the small horizontal lines are an intermediate
node and the output node. In grey we indicate the output wire using the second
metal level and the line patterned regions point out the nanodevice gates.
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Fig. 2. CMOS-logic NAND topology and layout.

An alternative to CMOS-logic gates are diode-logic gates. In this case we propose
a mixed logic where the information processing is done using diode-logic and the
inversion and buffering is implemented using CMOS-like inverters. Figure 3 presents
the topology and the proposed layout for such a gate. The layout uses nanodevices
for the diode and transistor functions (thick black lines), but implements the resistor
as a stripe line (such as an oxide layer), which has the same processing variations as
a normal metal line (indicated in grey in the figure). The top and bottom lines are
the power supply voltage lines and the u-shaped line the inverter input. Nanodevice
gates are indicated by line patterned regions. The layout dimensions are smaller than
for the CMOS logic gate, H, = 2W + 2L and W, = 4W + L.
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Fig. 3. Diode-logic NAND topology and layout.

In nanotechnology error tolerance will be necesary to achieve reliable functionality.
NM gates are one of the most popular alternatives for this environment. An NM gate
(Fig. 4) is composed by three layers of gates and two randomizer blocks [5]. The
first layer is composed by N logic gates implementing the desired logic function (the
processing unit). The restitution unit is composed by two layers of N NAND gates
and two layers of interconnections which uncorrelate the error positions. In our study
technology the randomizer units are built with metal wires. The length of these
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metal wires depends on the dimensions of the gates they connect. Figure 5 shows the
randomizer layout and dimensions for gates of height H, and width W, where the
cells share one of the power supply lines. We assume that all the lines are of minimum
width W and the routing follows the Manhattan style. Under these assumptions, the
average interconnection length for this element is:

Luve = (BN + DW + (N — 1)H,) /2. (5)
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Fig. 4. Scheme of a NAND NM gate.
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Fig. 5. Randomizer unit layout.

Therefore, the dimensions of the basic NAND gate affect the NM gate area cost
and also the length of the randomizer interconnections (and consequently, their er-
ror probability). If we consider the minimum length for the nanodevices (L > 4W),
the simple NAND, using CMOS-logic gates, area cost is 20% higher than for the
diode-logic gates. We can calculate the area for both NM gates being Anyponm =
W2(48N? + 74N + 5) from the CMOS-logic and using diode logic it reduces to
Anarpr = W2(36N? + 49N + 5). This indicates an even larger difference about
30 to 40% area increase for CMOS-like gates and a 20% connection length increase
—from (4)- in the randomizers operating in conjunction with CMOS-logic gates.

The area cost of NM scales with the N? which indicates the area cost for this
structure may become prohibitive for large redundancy factor. Figure 6 shows the area
cost for both presented alternative according to the redundancy factor. The black lines
indicate an estimation for the area cost of a NAND gate in 65 nm and 45 nm CMOS
technology. It indicates that for redundancies around N = 100 the area cost is similar
to current CMOS technologies. Therefore, the practical redundancy factor should be
lower than this in order to obtain an improvement by using nanotechnologies. We take
the redundancy factor N = 100 as a best case for the reliability analysis in Section 4.
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Fig. 6. Area for the NM gates.

4. Reliability analysis

In this section we compare the reliability of each gate presented gate according to
the reliability models presented in Section 2.

4.1. Non-redundant structures

We first compare the reliability of the simple NAND gates and the reliability of
a randomizer unit wire with an average length corresponding to N=100. To better
observe the effects of each parameter we use the following optimistic set-up: Ay = 1%,
Apm = 1%, A, = 1% and A,, = 5%; fault probabilities P; = 107'? and P, = 10712
as a base point for a parametric analysis.
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Fig. 7. Evolution of the NAND gate and randomizer
wire error probability with the resolution error.

Figure 7 presents the evolution of the NAND gate (Pgrrgate) and the randomizer
connection (Pgrrwire) error probabilities for both considered layouts as the different
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resolution errors increase. We can observe that, using this setup, the error probability
is determined by the wire and device error probability for small resolution errors
(A < 5%). Above this value, A determines the gate and wire error probabilities.
For A > 30 — 40% it is not possible to build the gate at all (Prrrgate =~ 1 and
Pprrwire = 1).
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Fig. 8. Evolution of the NAND gate and
randomizer wire error probability with P4 or P,,.

Figure 8 plots the error probabilities for the NAND gates and the randomizer
connections as the wire and device fault probabilities vary. For fault probabilities
below 10713, the resulting error probability is determined by the resolution errors.
However, for higher error probabilities there is a direct relation between the device
and wire errors and the NAND and interconnection errors. As the plots in Fig. 7
and 8 are logarithmic it is not easy to observe the difference between the two layouts.
Figure 9 shows the CMOS to diode-logic error probability ratios for the curves in
Fig. 7 (-o-) and 8 (—x—). From this plot we can observe that the CMOS-logic layout

has higher error probabilities in all the cases. The error probability for this structure
increases by a factor ranging from 1 to 2.
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Fig. 9. Ratio between the error probabilities
for the CMOS versus diode logic layouts.
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4.2. NAND multiplexing gates

Finally, we study the effects of the layouts on the reliability of the NM gates.
The analysis of the NM gates is done by simulation. The simulation assigns a bit to
each gate element (NAND gates and randomizer wires). This bit indicates whether
the element is defective or functional and it is calculated according to the models
proposed in Section 2. The output of each layer (NAND and randomizer blocks)
is computed assuming non-defective elements. Then, the outputs corresponding to
defective elements are inverted (von Neumann errors). This process is done layer by
layer to emulate the error propagation inside the NM gate. The simulation uses two
inputs at logic ‘1’ coming from a similar gate. Then, if the gate output activation
fraction is higher than 0.25 the gate is considered to be defective.

Figure 10 plots the NM gate and the combined gate and wire error probabilities
according to N. We use a realistic set of parameters for the resolution errors and fault
probabilities [2, 9]: Ay = 2.5%, A, = 5%, A, = 5%, Py = 107% and P, = 1071° with
A, = 10%. We observe that the NM gate is able to improve the function reliability
for N > 70 with similar performance for both layouts. However, for a slightly worst
A, = 11% the error probability of the implementation using CMOS-logic NANDs
can be 50% larger than using diode-logic gates. Even more relevant to note is the fact
that, due to the randomizer connection length increase (and, accordingly, the wire
error probability), there is a maximum redundancy factor above which the NM gate
reliability decreases with increasing N. For A, = 11%, the plot indicates that for
N > 1000 the NM gate is less reliable than the original NAND gate.
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Fig. 10. Error probability for the NM gates.

5. Conclusions

We have proposed models to estimate the error probability of the nanometric
interconnections, contacts, and devices according to the fabrication process resolution
errors. Using these models we have analyzed the reliability of two layouts for a NAND
gate showing that a CMOS-like topology has 20 to 100% higher error probability at
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an area cost which is 30 to 40% larger when compared with a diode-logic topology.
These NAND gates have been used to build NM gates. Our results indicate that for
the expected fabrication resolution errors this technique is able to improve the gate
reliability using N > 70. However, due to randomizer interconnection complexity
there is a maximum N above which the reliability decreases with the redundancy
factor. These results and the area cost of highly redundant NM indicate that due
to the fabrication process limitations this structure may not be a good solution for
nanotechnology.
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