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Abstract

This paper analyzes the deposition defects in devices and circuits made of Quantum-dot Cellular
Automata (QCA) for molecular implementation. Differently from metal-based QCA, in this type of
implementation a defect may occur due to the erroneous deposition of cells (made of molecules) on
a substrate, i.e. no cell, or an additional cell is placed either near, or within the layout configuration
of a QCA device. The effects of an erroneous cell deposition defect are analyzed by considering the
induced functional faults for different QCA devices, such as the majority voter, the inverter and
various wire configurations (straight, L-shape, coplanar crossing and fanout). Extensive simulation
results are provided. As an example, testing of an EXOR circuit is analyzed in detail.

Index terms: fault model, defect tolerance, QCA, emerging technology.

1 Introduction

As CMOS technology approaches its fundamental physical limits, recent years have seen an
extensive research in nanotechnology for manufacturing and assembly of the next generation of
integrated circuits (ICs). In an emerging technology, new paradigms arise due to the extremely
small feature size and high density of these devices [1]. Among emerging technologies, Quantum-dot
Cellular Automata (QCA) [2] [3] relies on new physical phenomena (such as Coulombic interactions),
and innovative techniques that radically depart from the CMOS-based model of VLSI. Moreover,
QCA not only gives a solution at nano scale, but also it offers a new method of computation and
information transformation [4].

Recent developments in cell manufacturing (involving the deposition of molecules on a substrate
surface) [11] [13] have substantially changed the nature of QCA process fabrication; in terms of
feature size, a QCA cell of few nanometer size has been fabricated through a molecular implemen-
tation by a self-assembly process [9]. added: It is anticipated that in these implementations, QCA
cells (each made of two dipoles or dots) will be deposited on parallel V-shaped tracks [15]. At this
level however, new types of defect are likely to occur. Missing or additional cells are inevitable
for molecular implementation, because the process of cell deposition is very sensitive [11]; a small
variation in process parameters may result in a defect [13]. Moreover, these defects have pronounced
functional effects when they occur either within, or very near to the layout of the target device [10]
due to strong cell interactions [14]. So, testing is required for detecting these types of defect in basic
QCA devices and circuits. For molecular QCA implementations, multiple defects can be expected;
however, as shown in previous papers [10] [5], it is almost impossible to misdetect multiple defects in
QCA, i.e. single fault detection is both effective and realistic. For QCA, a defect commonly referred
to as the cell misplacement (cell misalignment, presence/absence of a cell) has been shown to have a
substantial effect on functionality [10]; the effect of cell misalignment on some QCA devices (mostly
applicable to metal implementations) has been studied in [5].

As the logic elements of a QCA-based design are different from CMOS, novel models and related
testing schemes are required at device and circuit levels, especially for molecular implementations.

Molecular QCA exhibits different defects from metal QCA. Injection of cell deposition defects
on a cartesian layout is required to establish the behavior of QCA-based circuits and to generate
appropriate test sets for detection. Although in CMOS only a small percentage of the actual defects
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behaves like stuck-at faults, the stuck-at fault model is still widely used as basis for generating the
test set. So in this paper, the behavior of a QCA device in the presence of cell deposition defects
is functionally modeled into erroneous logic behavior. We will show that defects in molecular QCA
result in unique functional behavior.

The defect characterization of various QCA devices in the presence of a single cell deposition
defect and its effects at both device-level and circuit-level are extensively studied. The approach
proposed in this work is based on simulating deposition defects (a missing or additional QCA cell)
in the layout and investigating their effects at device-level to establish the functional behavior in the
presence of such defects. The coherence vector engine of QCADesigner! v1.4.0 is used for simulation.

The coherence vector engine is based on the density matrix approach [12]. Only the effects within
the so-called radius of effect R are considered for each cell i using this engine. In all simulation
cases, the radius of effect for each cell is set to 40nm and all other simulation parameters are set to
the default value. Cell size is 10 x 10nm?; the cell-to-cell distance and dot size are 2.5nm. Variations
in these parameters have been previously investigated in [14].

The rest of this paper is organized as follows. Section 2 deals with a brief review of QCA; Section 3
presents the assumed defect model for cell deposition in a QCA molecular implementation. Sections
4,5 and 6 analyze in detail the defects in QCA devices. The analysis of these results with respect to
the faults caused by the defects is provided in Section 7. Section 8 extends the device-level analysis
to an EXOR circuit implemented by QCA. Conclusions are addressed in the last Section.

2 Review of QCA

A QCA cell can be viewed as a set of four charge containers or “dots”, positioned at the corners
of a square. The cell contains two extra mobile electrons which can quantum mechanically tunnel
between dots, but not cells. The electrons are forced to the corner positions by Coulomb repulsion.

Therefore electrons have a preferential alignment along one of the two perpendicular cell axes,
as shown in Figure 1. The polarization P measures the extent of this alignment. If the charge on a
dot i is p;, then the polarization is defined [6] as

(p1+ p3) — (p2 + pa) (1)
pP1+ p2 + p3+pa

If the two extra electrons are completely localized on dots 1 and 3, the polarization is + 1 (binary
1); if they are localized on dots 2 and 4, the polarization is - 1 (binary 0). The tunneling between
dots implies that p; may not be integers as well as polarization values.
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Figure 1. QCA cell and polarization states

Unlike conventional logic circuits in which information is transferred by electrical current, QCA
operates by the Coulombic interaction that connects the state of one cell to the state of its neigh-
bors. This results in a technology in which information transfer (interconnection) is the same as
information transformation (logic manipulation) with low power dissipation [6].

One of the basic logic gates in QCA is the so-called majority voter (MV) with logic function
Maj(A, B,C) = AB + AC 4+ BC. MV can be realized by 5 QCA cells, as shown in Figure 2(b).
Logic AND and OR functions can be implemented from the MV by setting an input (the so-called
programming or control input) permanently to a “0” or “1” value. The inverter (INV) is the other
basic gate in QCA and is shown in Figure 2(a). The binary wire and inverter chain (as interconnect
fabric) are shown in Figure 2(c)(d).

In VLSI systems, timing is controlled through a reference signal (i.e. the clock), however timing
in QCA is accomplished by clocking in four distinct and periodic phases [7] (Figure 3). A QCA
circuit is partitioned into serial (one-dimensional) zones, and each zone is maintained in a phase.

!QCADesigner is developed by the ATIPS lab at the University of Calgary in Canada.
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Figure 2. QCA cell and polarization states
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3 Defect Model

A model which characterizes defects in QCA devices and circuits, must consider [14] the unique
fabrication and assembly processes of this technology at molecular level. According to [8], in the
present stage of QCA manufacturing, defects are possible in both the synthesis phase, in which
the individual cells (molecules) are manufactured, and the deposition phase in which the cells are
placed in a specific location on the surface. Manufacturing defects may cause a cell to have missing
or extra dots or/and electrons. These defects are fatal to the correct operation of the cell and easy
to detect. However, defects are much more likely to occur in the deposition process than in the
synthesis process. These defects are usually categorized as cell misplacement. A missing dot (or
additional dot) is very unlikely due to the ease of purification of small inorganic molecules [8]. For
example, Nuclear Magnetic Resonance (NMR) has an estimated minimum purity of 99% for model
compounds such as the Creutz-Taube (CT) Ion (a 2-dot model or dipole for half of a cell). Moreover,
electrochemical measurements for the CT Ion have shown that fewer than one molecule in 10° are in
the incorrect charge state [13]. Yet placing the individual cells during deposition is difficult, various
types of cell misplacement may occur (such as cell misalignment, missing cell, additional cell, etc.).
The effects of geometry misalignment on metal cells of some QCA devices have been studied in [5].

Molecular QCA presents unique challenges: bonding of the array surface requires complexes
by spectroscopic and electrochemical techniques [11]; moreover, the presence of strongly bound,
chemically robust, mixed valence complexes in the required chemistry has been extensively treated.
Perturbation of the chemical complex by surface binding using a gold electrode by an electrochem-
ical method has been investigated resulting in an assembly of biased, vertically oriented two-dot
structures (dipole) sandwiched between two electrodes [11]. The assembly of a symmetric square
cell containing two ferrocene and two ferrocenium moieties with measured properties that make it
suitable as a component for charge-coupled QCA circuits, has been shown in [13]. However, deposi-
tion defects are still widely reported and they must be carefully considered because they may affect
the correct operation of QCA circuits. This has a stronger influence when a cell deposition defect
occurs either within or very near to a device, thus creating unwanted interactions [14].

In this paper the following types of single cell deposition defect are investigated for a molecular

implementation of QCA:

1) An extra or additional cell (D,) is a defect in which an additional cell is deposited on the
substrate; this extra cell is erroneously deposited along the device perimeter (adjacency boundary)

of the original (defect-free) configuration.

2) In a missing cell deposition defect (Dyy), a particular cell is missing in the original (defect-free)

configuration of the device or circuit.

For D4, the adjacency boundary of a cell deposition defect is considered in this paper: the
adjacency boundary consists of the area around the cell perimeter of a device or circuit in which
the presence of a defect due to an additional cell deposition may occur. The proximity (one cell
distance) of D4 to the QCA device causes strong interaction to be present as it modifies the device

layout itself. This defect model can be used to characterize faults in molecular QCA.
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A

Figure 4. Considered QCA devices: (a) Majority Voter (b) Inverter (c) Straight-wire (d) L-shaped wire (e) Fanout
(f) Coplanar Crossing

In QCA, the set of basic devices is given by the Majority Voter, the Inverter, and the Wire (in
different configurations such as Straight, L-Shaped, Coplanar Crossing and Fanout). In the assumed
model for molecular deposition, the defect set is given by an additional (or extra) cell or a missing
cell; the fault set is made of the functional faults resulting from the occurrence of a defect (in the
following sections it will be shown that this set is given by stuck-at (such as S-a-A, S-a- A’ S-a-
B’), different output function (such as Maj(A’,B,C”)) and undet, where undet refers to the state
of undetermined QCA polarization (either extremely low polarization, or presence of glitches in a
signal) and denoted by ”-”. As for VLSI, a defect may give rise to only few faults; this depends on
the geometry of the device as well as the interactions among QCA cells [10].

In the next Sections, the fault set of different QCA devices shown in Figure 4 are established
through extensive simulation and the impact of the defects is evaluated. Input and output cells are
located outside the layout of each device and a single missing or additional cell deposition defect is
injected either in the original device, or along the adjacency boundary, i.e. no defect is injected for
input/output cells.

4 Majority Voter

The first device analyzed in this paper, is the Majority Voter, MV. Figure 4 (a) shows the cell
layout of the MV and the locations of the possible cell deposition defects. The = and y coordinates
are used to identify the cells in the cartesian layout. Simulation results are reported in Table 1.
Dy shows the coordinates of the missing cell deposition defect; D4 shows the coordinates of the
extra cell deposition defect; P4, denotes the highest magnitude polarization of F'. This depicts the
strength of the signal between the highest polarization (1) and an extremely low polarization (0).
All input values are applied with maximum polarization. Remarkably, an extra cell deposition never
affects the output as a majority function. As for the missing cell deposition defect, the following
considerations are valid: (1) A missing deposition defect of cell (2,1) or (2,3) leads in both cases
to F' = B which confirms previous results found in the technical literature [10]. (2) A missing
deposition defect of the middle cell (2,2) results in a majority function in which the input signals A
and C are inverted, i.e. Maj(A’, B, C").

D]M F Pmaac
2.1 B 95
12 || Maj(4,B,C) | 95
2,3 B .95
22 || Maj(A",B,C") | .95
3,2 - .09
DA F Pmaac
1,1 || Maj(A, B,C) 95
1,3 || Maj(4,B,C) | .95
31 || Maj(4,B,C) | .95
31 || Maj(4,B,C) | .95

Table 1. Simulation results for MV

=

5 Inverter
The second QCA device analyzed in this manuscript, is the Inverter (INV). Figure 4 (b) shows the

layout of the inverter as well as the locations of possible defects; the simulation results are reported
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in Table 2. The extra cells (5,2) and (5,4) and the middle cell (4,3) change the actual layout of
this device to a fanout/fanin structure, thus the output is not inverted i.e. F = A. For a D) the
following considerations apply: (1) A missing deposition defect at (2,3) or (2,4) or (2,2) results into
F = A. For cell (2,3) this is a rather obvious condition, because it generates a concatenation of two
inverters; for the other cells it appears that the double inverted path has a stronger effect on the
output than the correct path. (2) When cell (5,3) is not deposited, the output is isolated taking an
undetermined value.

Dy | F | Pras || Da | F | Pmaac |
22 A 905 [[21] A 9
32 | A | 9 || 314 9%
12 | A | 95 |41 A | 9
13 A | 9 |12 A | 9%
2,3 A .95 52 | A .92
5,3 - 0 33 | A .95
24 | A | 9 |43 ] A 9
34 | A | 95 || 14| A | 9
14 [A | 05 [[54 ] A 92

25 [ A | 95
35 | A | 95
15 | A | 9

Table 2. Simulation results for Inverter

6 Wire

In this section, the simulation results for the wire configurations and related arrangements
(straight, L-shaped, fanout and coplanar crossing) are presented.

6.1 Straight Wire

A straight wire of five cell length is shown in Figure 4 (c) together with the possible defect
locations in the adjacency boundary. The simulation results are reported in Table 3 (a). These
results show that the straight wire is not sensitive to an additional cell defect as in all cases F' = A.
Moreover, also for a single missing cell deposition defect, F' = A.

DM F Pmaz DI\/I F Pmaac
25 [ A] 95 24 [ A | 9
24 [[A] 95 23 [ A | 9%
23 A 9 22 A | 95
22 A | 9 32 | A ] 9
21 A 9 12 A | 10
DA F Pmaz Da F Pmaac
3,5 A .95 14 A .95
3,4 A .95 1,3 A .95
3,3 A .95 1,2 A .95
3,2 A .95 1,1 A .95
3,1 A .93 2,1 A .95
DA F Pmax DA F Pmaz
1,5 A .95 3,1 A .95
14 A 9 I1 || A | 93
13 A 9 34 || A | 9%
12 A 9 33 | A 95
i1 [A] 93 i3 | A | 93
@ ®)

Table 3. Simulation Results for Wire (a) Straight (b) L-Shaped
6.2 L-shaped Wire

The L-shaped wire is considered next; this type of wire is shown in Figure 4 (d). The simulation

results are reported in Table 3 (b). The additional cell deposition defect does not affect the output
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value F' = A, while a missing deposition defect of a cell due to an erroneous deposition has an effect
only if it is the corner cell (2,2), i.e. in this last case, the wire behaves as an inverter (F = A’).

6.3 Fanout Wire

A fanout wire allows to duplicate a signal, so it is part of the set of basic routing devices that
must be characterized. The considered layout is shown in Figure 4 (e); the locations of defects are
also shown. Due to symmetry, the results of Table 4 are valid for any cell rotation of the reported
layout. The results show that an extra cell deposition defect causes no functional fault in any of
the output branches; instead the missing cell defect causes the output to take an undetermined
value. This occurs when the cell affected by the defect is at the closest distance, (i.e. cells (2,1) and
(3,2)); if the affected cell is the middle cell (2,2), then an inverter is formed on the path to F'1 and
therefore, an erroneous output is generated.

Dy F1 | F2 Prax
2,1 A - .96, .06
2,2 A’ A .95, .95
3,2 - A .01, .95
2,3 A A .95, .95
Added Cell || F1 | F2 | Max. Pol.
DA A A Pmam
3.1 A A 02, .93
1.2 A [ A 95 95
1,3 A A .95, .95
3.3 A 4 92, .95

Table 4. Simulation Results for Fanout Wire

6.4 Coplanar Wire Crossing

The last device which is considered in this paper, is the so-called coplanar crossing of two QCA
wires. The simulation results for the wire crossing device are given in Table 5. The extra cell
deposition has been considered in both the rotated and non rotated cell arrangements.

From the results reported in the tables, the following considerations can be drawn: (1) Extra
non-rotated cells do not affect the correct outputs, while extra rotated cells affect one output only.
(2) A missing cell always causes a faulty output. Moreover, two types of functional fault may occur:
inversion of a signal and interference (an erroneous routing takes place in the coplanar crossing).
Note that the simultaneous occurrence of these two types of fault is also possible.

7 Fault Analysis

The functional effects of the deposition defects permit to define a fault set for each QCA device,
as related to the impact of its occurrence. Where the impact of a defect type (D4 or D) is defined

D]u FA FB Pmaac
2,1 A B 11, .95
1,2 A A1 .97, .95
22 A B .97, .95
3,2 A - .97, .01
2.3 A B .97, .95
D4 as Non-rotated Cell || Fa | F Priaz
1,1 A B .97, .95
3,1 A B .97, .93
1,3 A B .97, .95
3,3 A A 197, .93
D4 as Rotated Cell Fa | Fp Praz
1,1 A B .98, .95
3,1 A B .98, .95
1,3 A B .97, .95
3,3 A B .97, .95
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as the number of those defects resulting in functional faults. For example, the results reported in
the previous sections have shown that the effect of an extra cell deposition is mostly ineffective at
the output apart from the cases of the inverter and the coplanar wire crossing.

Table 6 provides the fault set obtained from the above reported simulations for each of the
considered devices. It can be noticed that:

1) For MV, the impact of missing cell defects is higher than for additional cell deposition defects,
i.e. for the MV 80% of the missing cell defects cause a functional fault at the output while no
additional cell deposition defect produces an erroneous output.

2) For the QCA inverter, most of the defects result in a functional fault of a non-inverted output
(85.7%) type. The impact of D)y is relatively higher than D4 accounting for 4 faulty outputs out
of 9 possible defect sites (33%) versus 3 faulty outputs out of 12 possible defect sites (25%).

3) The Straight Wire shows excellent resilience to single cell deposition defects as the output is
never affected.

4) For the L-Shaped Wire, the extra cell deposition defect generates no functional fault, while
the missing cell deposition defect causes just a single fault. In all cases its impact is very low.

5) For the Fanout Wire, the extra cell causes no fault; however, a missing cell deposition defect
causes an erroneous output for 50% on F'1 and 25% on F2.

6) For the Coplanar Wire Crossing, the extra cell deposition defect causes a fault occurrence,
while the missing cell deposition defect causes always an erroneous Fp and it results in an erroneous
F4 for 66% of the cases.

Device Dy Dy Fault Set
Impact (%) | Impact (%)
MV 0 80 S-a-B
Maj(A',B,C")
undet
INV 25 33 S-a-A
undet
STRAIGHT 0 0
WIRE
L-SHAPED 0 20 S-a-A’
WIRE
FANOUT 0 (F1) 50 (F1) S-a-A’
WIRE undet
0 (F2) 25 (F2) undet
COPLANAR | 0 (Fa) 66 (Fa) S-a-A’
WIRE 12.5 (Fp) 40 (Fp) S-a-A’ (interference)
CROSSING undet

Table 6. Fault set and defect impact for QCA devices

8 Case Study: Test vector generation of an EXOR Circuit

From the above obtained fault set has been applied to generate the test vector applicable to a 2
inputs EXOR circuit. The QCA schematic of the considered EXOR gate circuit is shown in Figure
5. Also in the QCA case, fault activation and propagation are taken into account for testing. This
data has been validated by a preliminary step in which injection of single deposition defects has been
performed on the QCA circuit and the value at the primary outputs (PO) has been compared with
the one obtained by combining the effects of the fault set on each of the devices in the circuit. This
process allows to validate and confirm that the device-level analysis presented in previous sections
can be extended to circuit-level, while obtaining consistent results for the functional fault set. In
this respect, full validation has been accomplished; an interesting effect which has been captured
for molecular QCA, is the undetermined fault. These faults can be propagated and detected only

Proceedings of the 2005 20th IEEE International Symposium on Defect and Fault Tolerance in VLS| Systems (DFT’05)
0-7695-2464-8/05 $20.00 © 2005 IEEE

YF]',F.

COMPUTER

SOCIETY



n’m-!
i | |
EEEEEE @ ExsiiEEEEENEER
EEEEER L] ]
H ]
In 2 " +1 B Ot
I O I 8 MMM B 12 5 0] B H E
L] -1 L]
= H
N EEE ] u
EEEE 2 EHikNiEREEEEE
L] EI

EH

R mEEEmEE R i s s ne e

Out put

(a)
Figure 5. EXOR gate circuit, (a) QCA layout (b) Device level schematic

when the output of the affected device is a primary output: when a device that is affected by this
type of fault is located internally to the QCA circuit, the undetermined value never propagates and
the correct output is always observed at the primary output. This is caused by the regenerative
effect of the non-linear nature of the cell-to-cell QCA response, as a weak polarization appears only
at an isolated output; however, when the output is not isolated, cell-to-cell interaction causes the
regeneration of the weak polarization and therefore propagation of the functional fault does not
occur. An undermined fault that is non propagated, is denoted as N Pyn4er. Table 7 shows all
functional faults affecting the devices in the EXOR circuit given in schematic form in Figure 5 (b).
Test vectors are reported; the undetermined fault at MV3 is labeled as non propagating conditional
fault (denoted as NPCynget). This refers to the condition whether MV3 provides the PO of the
QCA circuit. If so, then the undetermined fault is detected; else, (i.e. for example a QCA wire is
placed after the output of MV3), then this fault is N Pyndet-

Fault Site Fault test vector PO value
IniIng fault-free (faulty)
MVIGMV2 SaB 00 00
Maj(A, B,C) 00 (1)
undet NPyndet Ini @ Iny ( In1 @ Ing)
MV3 SaBb 00,11 0(1)
Maj(A,B,C7) | 00,11 0(1)
undet NPCyundet
INVI SaA Tl T (In1)
INV2 SaA T, Try (Tn)
Fanout1 s-a-A” for fi Ingl In’ (Iny)
undet fi NP, ndet Ini @ Iny ( In1 @ Ing)
undet f1 NP, ndet Init @ Ins ( Ini & ]nz)
Fanout2 S-a-A for fi 1Ino In5(Ino)
undet f1 NP, ndet Ini @ Ins ( Ini & ]ng)
undet f2 NP, ndet Ini & Ina (Ing & Ing)
L-shaped wirel S-a-A’ Ini0 In,(In})
L-shaped wire2 S-a-A’ 1Ino In5(Ins)
L-shaped wire3 S-a-A’ 0Ins Ina(Ins)
L-shaped wire4 S-a-A’ In10 Ini(In})
L-shaped wireb S-a-A’ Ini1, 00 In(Ini) , 0(1)
L-shaped wire6 S-a-A’ 1In2, 00 In5(In2) , 0(1)

Table 7. Test vectors for EXOR gate circuit

9 Conclusion

This paper has characterized and analyzed the deposition defects in devices and circuits made
of Quantum-dot Cellular Automata (QCA) for molecular implementation. Differently from metal-
based QCA, in this type of implementation a defect may occur due to the erroneous deposition

of cells on a substrate, i.e. no cell, or an additional cell is placed either near or within the layout
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configuration of a QCA device. The effects of an erroneous cell deposition defect have been analyzed
by considering the induced functional faults for different QCA devices, such as the majority voter,
the inverter and various wire configurations (straight, L-shape, coplanar crossing and fanout). It
has been shown that for an MV, a single missing cell defect has a stronger effect than a single
additional cell deposition defect. For the QCA inverter, most of the single deposition defects result
in a functional fault of a non-inverted output type, confirming that also in this device, missing
cell deposition defects have pronounced effects. As for the QCA wire, the straight configuration
has been shown to have excellent resilience to single cell deposition defects. This feature is also
applicable to the L-shaped wire: the extra cell deposition defect generates no functional fault, while
the missing cell deposition defect causes just a single fault. For the fanout and coplanar crossing
configurations, the extra cell causes at most a fault; however, a missing cell deposition defect results
in different faults at the two outputs. Extensive simulation results have been provided for defect
characterization. An interesting effect that has been observed in molecular QCA, is the so-called
undetermined fault (lack of polarity or presence of glitches in a signal). It has been shown that
this type of fault can be propagated and detected only when the output of the affected device is a
primary output, i.e. when a device that is affected by this type of fault is located internally to the
QCA circuit, the undetermined value never propagates and the correct output is always observed
at the primary output. This is caused by the regenerative effect of the non-linear nature of the
cell-to-cell QCA response, as a weak polarization appears only at an isolated output; however, when
the output is not isolated, cell-to-cell interaction causes the regeneration of the weak polarization
and therefore the non propagation of the functional fault occurs.
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