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Abstract—Graphene, one of the viable candidates to replace
Silicon in the next generation electronic devices, is pushing
the research community to find new technological solutions
that can exploit its special characteristics. Among the proposed
approaches, the electrostatic doping represents a key option. It
allows the implementation of equivalent pn-junctions through
which is possible to build a new class of reconfigurable logic
gates, the devices analyzed in this work. Recent works presented
a quantitative analysis of such gates in terms of area, delay and
power consumptions, confirming their superiority w.r.t. CMOS
technologies below the 22nm.

This work explores another dimension, that is testability, and
proposes a study of possible physical defects that might alter the
functionality of the graphene logic gates. The electrical behavior
of faulty devices, obtained through the emulation of physical
failures at the SPICE-level, has been analyzed and mapped at
a higher level of abstraction using proper fault models. Most of
such models belong to the CMOS domain, but for some specific
class of defects, new fault definitions are needed.

I. INTRODUCTION

Due to its unique electro-mechanical properties, graphene [1]
has been indicated as a viable candidate to replace Silicon in
the next generation of electronic circuits and micro-systems.
Nevertheless, the carrier dynamics that govern its electrical
behavior substantially differs from that of conventional semi-
conductor technologies. The main difference lies in the fact
that the energy band structure of graphene is gapless, namely,
conduction and valence bands touch each other at zero-energy
where the Fermi Energy (Er) passes. This prevents the
material to implement the OFF state, and hence, to achieve
a high ON/OFF current ratio. This makes the implementation
of digital graphene devices a true challenge.

To overcome this issue, many device structures and fabrication
processes have been proposed in the last years. Most of
them, fruit of research investments by world-class industries,
like IBM [2] and Samsung [3], differ in the way graphene
is isolated, patterned, controlled and interconnected. At this
preliminary stage it is hard to predict which of these solutions
will prevail in the electronics market, and in how much time;
instead, what is of paramount importance is to understand the
main features that distinguish each option, assess their limits
and the design opportunities they give.

Moving toward this direction, this papers proposes a study
of the fault models that can cover possible physical defects
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in a new class of reconfigurable graphene logic device. First
introduced in [4] and here referred as RG-device, such device
have an interesting characteristic that places them at the head
of the race: differently from devices that require the pattering
of graphene (e.g., nanoribbon FETs [5]), the RG-devices make
use of a pristine sheet of graphene, thereby keeping unchanged
the intrinsic properties of the material.

A RG-device consists of a graphene sheet with co-planar
back-gates that implement an electrostatic doping [6]. When
a positive (or negative) voltage is fed to back gate, the Er
of the graphene region on top of that gate shifts up (down)
in the conduction (valence) band leading to n-type (p-type)
doping; opposite bias voltages on adjacent gates are used
to create equivalent pn-junctions [7]. Through a pn-junction
is possible to implement a dynamic tuning of the electron
transmission probability across the graphene sheet. This allows
to electronically reconfigure the resistive paths between inputs
and output ports of the device (the metal-to-graphene contacts
placed on the front side of the graphene sheet). From a func-
tional point of view, a RG-device implements a reconfigurable
multiplexer [8]; proper signal assignments at the inputs allows
to perform all basic Boolean logic functions [9]. Promising
results have been published in [4] and [10] which indicate that
the RG-devices can outperform CMOS technologies below the
22nm node in terms of both delay and power consumption.
The contribution of this work is twofold. On the one hand
it proposes an analysis of the electrical misbehaviors induced
by physical defects; since the RG-device is built on a pristine
sheet of graphene, only the physical defects at the metal pints
of the device have been considered. On the other hand, it helps
to understand whether the fault models typically adopted in
standard CMOS technologies can also cover physical failures
at the logic level and, if not, present alternative models. Two
types of defects are taken into account: Open defects, i.e.,
floating metal contacts, and Short defects, i.e., short between
metal contacts that are placed physically close. The analysis
is validated through the SPICE simulation of a Verilog-A
model of the RG-device in which physical failures have been
injected manually; different configurations implementing basic
Boolean logic functions, i.e., INV, AND, OR, and MUX.
The obtained matching between defects and faulty behavior
is finally used to identify suitable fault models.
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II. FAULT MODELS FOR DIGITAL CIRCUITS

The aggressive scaling of device geometries significantly in-
creased the occurrence of physical defects during the man-
ufacturing process of integrated circuits. The adoption of
appropriated models that can abstract physical failures at
higher layers is mandatory for a proper handling of designing
the testing procedures.

Fault modeling is the translation of physical defects to mathe-
matical constructs that can be managed by software simulators
with the aim of providing a metric for quality assessment [11].
In this context, a fault is the representation of a defect at
higher levels of abstraction [12]. Modeling at different levels
of abstraction corresponds to different tradeoff between the
fault model accuracy, i.e., its capability to represent the defect,
and the speed of its simulation [13]. Figure 1 summarizes
the most adopted fault models for CMOS technologies [12].
The integration of multiple fault models typically allows the
coverage of the entire set of physical defects.

At the Behavioral Level few implementation details of the
circuit are available, therefore, models at this level play a more
important role in simulation-based verification rather than in
testing.

At the Register-Transfer Level (RTL) and Logic Level, cir-
cuits are represented by functional blocks and logic gates
netlist. The most common fault model for digital design
relates to stuck-at faults affecting the interconnection between
gates [12]. Although intuitive and easy to manage, the stuck-
at model cannot cover all the possible faulty behaviors that
might appear [14]. In order to bridge this gap, a model at the
logic level that consists of Open and Short faults has been
devised. For further details on fault model implementations,
out of the scope of this work, readers can refer to literature
on the subject (e.g., [12], [14]).

At the Transistor or Component level, the granularity of the
models is the single transistor or component, therefore, fault
models like stuck-open and stuck-short, do apply to individual
transistors rather than single gates. Stuck-open faults produce
a floating state of a given transistor contact, whereas stuck-
short faults produce a conducting path between power supply
and ground [12].

III. RECONFIGURABLE GRAPHENE DEVICE
A. Graphene PN-Junction

Figure 2 shows the basic structure of a voltage controlled
graphene pn-junction. The two metal back-gates are used to

implement the electrostatic doping [7], whereas the front metal
contacts represent the conceptual source (left) and the probe
(right) that are emitting and receiving the carriers.
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Fig. 2. Graphene-based pn junction.

When a back-gate is fed with a negative voltage, the Fermi
energy level Er is shifted down in the valence band leading
to p-type doping in the graphene region on top of the gate
itself. On the contrary, a positive voltage shifts Er up in
the conductance band leading to n-type doping. In case a
symmetric control voltage is simultaneously applied at two
adjacent split gates (£V in Figure 2), the device implements
the pn-junction.
As demonstrated in [15], carriers injected in the p-region
through the left front contact cross the potential barrier at the
pn-junction with a transmission probability 7(6) that depends
on (i) the angle § between the electron’s wave vector k and
the normal of the junction, and (ii) the width D of the pn
transition region. Equation 1 gives the analytical expression
of T'(6):

T(6) = cos*(#)e %P sin? ()
The transmission probability 7°(6) is 1 for those carriers that
travel orthogonally toward the junction (i.e., § = 0) regardless
of D and exponentially decreases for higher values of 6
(T'(#) = 0 for § = mw/2). As shown in the next subsection,
the RG-device exploits the transmission properties of the pn-
junction to implement a voltage controlled switch.

B. RG-device Structure and Functionality

Figure 3 shows 3D, back and front views of the RG-device as
introduced in [4]. It consists of two back-faced pn-junctions:
71, on the left, controlled by back-gate pair S-U; 72, on the
right, controlled by back-gate pair S-U.

RG-device structure.

Fig. 3.



Fig. 4. Electrical schematic of the reconfigurable device.

The back-gates U and U are driven with a fixed and symmetric
voltage, i.e., U = —Vdd/2 and U = +V dd/2. This forces the
lateral regions of the graphene sheet to be p-type (on the left)
and n-type (on the right). Notice that in this implementation,
+Vdd/2 and —V'dd/2 correspond to logic “1” and logic “0”
respectively.

The shared back-gate S in the center serves as logic input.
When S5=°0’, the central graphene becomes p-type. This forms
a pp-junction on the left, i.e., a zero barrier potential through
which carriers are totally transmitted, and a pn-junction on
the right, i.e., a barrier potential through which carriers are
transmitted with the transmission probability 7'(0) presented
in the previous subsection. It is worth noticing that 6 is
physically imposed as 45° by construction (see the back-view
in Figure 3). The resulting p-p-n doping profile of the graphene
sheet creates a low-resistive path (R;,,) between the front
contacts A-Z and a high-resistive path (Ry;¢5) between the
front contacts B-Z. This forces the output Z following the
input signal associated with the lowest resistance, i.e., Z = A.
A dual behavior is observed when S =“1". In this case the
central graphene region is n-doped, leading to p-n-n graphene
doping; a low-resistive path between the contacts B-Z makes
the output to follow B, i.e., Z=B.

From a functional point of view, the RG-device serves as a
multiplexer, that is, Z=A when S =’1°, while Z=A when
S =’0". As shown later in the text, different input configura-
tions allows to build several basic Boolean functions.

C. Equivalent Electrical Model

Figure 4 shows the equivalent electrical model of the
RG-device implemented using the Verilog-A modeling lan-
guage [9]. The four switches 11, 15, T3, Ty, are controlled by
the input voltage S. When V' (S) = —V;4/2 (S =“0"), T} and
T35 are closed, while T5 and Ty open; hence, A is connected to
y3, hence to Z, through the low resistance R;,,, (left branch),
while B is isolated from y3 due to the high resistance R,
(right branch). When V' (S) = Vy4/2 (S =“17), T and T} are

closed, while 77 and 73 open; hence, B is connected to ys
through Rjo., and A is isolated from ys due to Rpigh.

The analytical expressions of Rj,, and R4, have been
derived from [4]. Ry, is simply defined by the geometrical
width W of the graphene sheet, as shown in the following

equation:
hm

42 Wk
where R, = h/4q? is the quantum resistance per mode in the
graphene sheet, and N., = Wkp /7 represents the number of
excited modes [16].

The value Rpign, instead, is function of the transmission
probability T'(6) (Equationl) with 6=45° as imposed by the
geometries of the device:

R, B hm

T(0)Ncn — 4¢2W KpT(45°)

Rnn - Ro/Nch = (2)

an = (3)
It is worth noticing that Rp;gp /Riow is in the order of 108.
Resistive and capacitive parasitics are integrated in the model.
The resistors R, (assumed to be 102 [4]) model the contact
resistance at the three front metal-to-graphene contacts. The
lumped capacitances C, consists of the oxide capacitance Cl,
in series with the quantum capacitance C; from the graphene
sheet. Finally C. models the capacitive coupling among the
three back-gates. Since in this work we deal with DC-analysis
we omit the detailed description of Cy and C,; interested
readers can refer to [4] for additional details.

IV. UNDERSTANDING AND MODELING PHYSICAL
DEFECTS IN RG-DEVICES

In order to characterize the electrical behavior of faulty RG-
devices and map physical failures to fault models, a basic
scheme composed of three main stages has been followed:

1) Specification of physical defects, during which a sub-
set of potential physical failures that can occur in the
RG-devices has been identified.

2) Defect modeling and simulation, where the effects of
the physical failures have been modeled by means of
equivalent electrical circuits for SPICE simulations.

3) Mapping physical failures to fault models, in which the
faulty behavior of the RG-device has been analyzed and,
when possible, mapped to some fault models (borrowed
from the CMOS domain).

A. Specification of physical defects

As introduced in Section III, a RG-device consists of a
pristine sheet of graphene that in this work is considered
as fault-free. More attention, instead, is given to defects on
the metal back-gates and the metal-to-graphene front contacts,
whose fabrication is similar to manufacturing processes used
in today’s VLSI technologies. Hence, this paper considers
failure mechanisms that typically occur in CMOS circuits
[17], namely, metal shorts (Shorts hereafter), i.e., short-circuits
between two (or more) contacts that are physically close,
and metal opens (Opens hereafter), i.e., open-circuit of metal
contacts.
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Fig. 5. Fault free electrical model of the RG-device in the DC-domain

It is worth noticing that, given the physical geometries of
the RG-device, shorts are more likely to appear at the back-
gates, whereas front-contacts are more immune to these kind

of defects. Tablel summarizes the defects we analyzed.

TABLE I
PHYSICAL FAILURES INJECTED IN THE RG-DEVICE

Shorts
between U and S
between S and U

between U, S and U

Opens
front contact A
front contact B
front contact Z

B. Defect modeling and simulation

The electrical model described in Section III is used as basis
for emulating the physical failures in the RG-device. Figure 5
shows a simplified version of such model in the DC-domain.
The two back-gates U and U are connected to the power
supply rails, -Vgq/2 and +Vy,/2 respectively. The resistor
between the front contacts A and Z is labeled as R 4, whereas
that between B and Z is Rpz; their value ranges from R;,,, to
Rpign depending on the potential applied at the central back-
gate S (the control voltage of the four switches of the original
model Figure 4). Notice that in the schematic R4z and Rpz
lump the resistive parasitic R, at the front-contacts.
Modeling shorts and opens defects using the fault-free model
of Figure 5 is straightforward. Figure 6 shows the resulting
faulty netlists.

1) Electrical models under short defects: since the back-gates
U and U are connected to the power rails, their voltage is
stronger than that of S, which is supposed to be driven by a
RG-device in the fan-in.

In case of a Short between U and S (Figure 6-a), the voltage
at U, ie., -V4a/2, dominates on S; recalling the effect of
electrostatic doping, this corresponds to the formation of a
pp-junction between A and Z, which implies Raz = Riow,
and a pn-junction between B and Z, namely, Rpz = Rpign.
On the contrary, in case of a Short between S and U (Figure 6-
b) the voltage at U, i.e., +Vy4/2, dominates on S, leading to a
pn-junction between A and Z, which implies Raz = Rhigh.
and a nn-junction between B and Z, namely, Rpz = Rpigh.
The picture is less intuitive in the presence of a concurrent
Short between U, S and U (Figure 6-c), which corresponds
to a short between the power-rails +V;4/2 and -Vy4/2. In
this case, the entire supply voltage V;4 drops across the
low-resistive path formed by the short of the three back-
gates, which, due to a high current density, may burn up.
Although is correct to believe that this condition may induce
a severe failure of the entire device, in this theoretical study
this condition is mapped as the case of missing doping across
the entire graphene sheet. Under this condition, a pure semi-
metallic resistive behavior of graphene is considered, i.e.,
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Fig. 6. Equivalent circuits for the RG-device under Open and Short defects

both inputs A and B connected to Z through the intrinsic
resistance of the graphene sheet, i.e., R4z=Rpz=Rqg, with
Riow < Rg < Rpigh.

2) Electrical models under open defects: an Open defect on
a front metal contact prevents the current flowing through the
contact itself. In the case of an Open defect at at A (Figure 6-
d), the output port Z is driven by the signal B (due to high
impedance on contact A), while, in case of an Open defect at
B (Figure 6-¢), Z is driven by A (due to high impedance on
contact B). When an open defect occurs at the output contact
7 (Figure 6-f), the output voltage settles at OV.

C. Mapping physical failures to fault models

Appropriate input logic signals can be fed to the RG-device
in order to build several basic Boolean logic functions. De-
pending on the input configuration pattern, the same physical
defect may thereby perturb the logic functionality of the RG-
gate in different ways. This motivates the choice of a cell-
based analysis. A complete description of all the possible logic
configurations can be found in [9]. Figure 7 only shows the
implementation of the logic functions used as benchmarks in
this work: INVerter, AND, OR and MUltipleXerl.

INV AND OR MUX
s 9r ) s
B4 B4 B4 B
oLsS yLS 1LS yLS

lg lg lg lq
f=a  f=qy [f=q+y f=qx+qy
Fig. 7. Logic gates architectures using the RG-device as primitive

For each logic function, the corresponding input configuration
pattern is applied at each of the six equivalent faulty netlists
presented in the previous section (Figure 6). The results
obtained through SPICE simulations have been summarized
in the Tables II, III, IV.

The three tables show the behavior of primary inputs and
outputs (column PI & PO) under different defects (column
defect) as collected from SPICE simulations; the search for
possible faults models is done at two levels, the logic level

IRecall that a logic “1” corresponds to +V4/2, logic “0” to -Vyq/2.



(column Logic Fault Model) and the component level (column
Component Fault Model).

At a glance, one can observe that most of the defects can
be mapped using standard stuck-at fault models at the logic
level. However there are cases where no suitable logic models
can be applied, indicated as ‘*’ in the tables, and for which
a component level fault model is needed, the st-at-OV. Such
a model identifies the condition under which a given terminal
is frozen at an intermediate voltage value, i.e., OV, mid value
of input voltage swing.

1) INV fault models (Table II): referring to Figure 6), in case
of Short between U&S (S&U) the output Z follows the signal
at A (B), which, for the INV logic (Figure 7) is fixed at “1”
(““0”). This behavior is intrinsically imposed by the structure
of the RG-device, which always forces the output Z following
the input associated to the lowest resistance (Rjo.). Less
significant, but still possible, is to map Short-U&S (Short-
S&U) as a st-at-0 (st-at-1) on the input S.

A similar logic behavior has been observed for Open defects
on A (B), for which the output Z is forced to follow B (A),
resulting in a st-at-0 (st-at-1) on Z. In this case the high
impedance at A (B) is due to floating input contacts rather
than a change of the doping profile (Figure 6). Differently, for
Short-U&S and Short-S&U is not possible to identify any
fault at the input S.

Substantially different is the defect Short U&S&U, For this
specific case, is the difference between the values applied at
the inputs A and B that comes into play. As shown in Figure 6,
both A and B are connected to Z with the same resistance Rg;
when the logic values at A and B are concordant (i.e., both
at “1” or “0™), Z settles to that value (i.e., “1” or “0”), when
discordant, Z settles to 0V, i.e., st-at-OV. However, since in
the INV implementation A and B are fixed to opposite values
by construction, Z is stuck at OV.

2) AND and OR fault models (Table III): In the AND con-
figuration both namely back-gate S and the front-contact B
act as logic inputs, whereas the front contact A is fixed at
logic “0” (Figure7). The electrical analysis done for the single-
variable function INV still hold here, but, due to a different
input pattern configuration, the resulting fault models slightly
differ.

The Short U &S forces Z to follow A causing a st-at-0 fault at
the output Z; the Short S&U, instead, makes Z to follow B,
which now represents a logic input of the AND, i.e., st-at-B.
This kind of behavior are known as stuck-at logical effect in
CMOS technologies.

For the same reason, defects Open A and Open B can be
mapped as st-at-B and st-at-0 on Z respectively.

In contrast with the analysis done for the INV gate, the Short
U&S&U induces a different behavior. For the AND, in fact,
only the front contact A is driven by a steady “0”, while B is
driven by a “free” signal. Therefore, a dual behavior can be
observed: B="0" implies a st-at-0 on Z (A and B concordant);
B="1" implies a st-at-0V on Z (A and B discordant). In
other words, there is not an unique fault model one can use,
instead contrasting behaviors appear depending on the logic

input. This might represent a critical issue during test pattern
generation.

The effect produced by the Open Z defect is the same as that
of the INV, and hence, the same model does apply, namely,
st-at-OV.

Concerning the OR logic gate, it is important to highlight that
its implementation can be seen as the complement of the AND
(Figure7): A represents the logic input and B is fixed at “1”.
Therefore the defect mapping can be easily inferred from that
of the AND gate. More specifically, those defects that are
mapped with a st-at-0 in the AND result in a st-at-A; defects
that are mapped to st-at-B in the AND result in st-at-1 in the
OR; Short U&S&U and Open Z are equivalent in both AND
and OR. The result table for the OR gate has been omitted for
the sake of space.

3) MUX fault models (Table IV): In the implementation of the
MUX gate both A and B are logic inputs that can assume any
of the two logic values, and hence, st-at-0 and st-at-1 faults
never occur.

The Short U&S forces Z to follow A, i.e., st-at-A on Z, while,
the Short S&U forces Z to follow B, i.e., st-at-B.

An Open A obviously forces Z to follow B, i.e., st-at-B on
Z, while an Open B forces Z to follow A, i.e., st-at-A.
Finally, as for the INV, AND and OR gates, the Short U&S&U
and the Open Z are modeled at component level as stuck-at-
OV on Z.

V. CONCLUSIONS AND FINAL REMARKS

This paper proposes a study on the effects of physical failures
in a new class of graphene based reconfigurable logic gates.
Apart from introducing the equivalent electrical models of
the faulty devices, it also proposes possible defect-to-fault
mapping using proper fault models.

The obtained results demonstrate that, as for the CMOS
technologies, faults models at different levels of abstraction
are needed for the full coverage of the physical defects. As
transistor-level models in the CMOS technologies helped to
cover specific failures whose effect was not observable at
the logic value, so does the suck-at-OV for the RG-devices.
The suck-at-0V model is reminiscent of the stuck-short model
used in CMOS circuits to cover the Vdd-to-Gnd shorts that
cause the outputs of logic gates to reach intermediate values.
Differently from CMOS, however, the actual output value is
not determined by the impedance ratios between pull-up/down
networks or the the associated faults, indeed, it is stuck at a
precise voltage. This is manly due to the symmetric structure
of the graphene device.

Going on through the comparison with CMOS technologies, a
right and proper consideration relies on the fact that while in
CMOS technologies the implementation of a given Boolean
logic function requires multiple transistors, using the RG-
devices even complex functions, like the MUX, require a
single component. This may have positive impact on testing
as the cardinality of possible defects per logic gate drastically
reduces. The downside is that physical defects do not necessar-
ily produce the same faulty behavior, namely, the same defect



TABLE II
MAPPING DEFECTS FOR INV FUNCTION, PI-PRIMARY INPUT AND PO-PRIMARY OUTPUT

Function: INV PI & PO Logic Fault Model Component Fault Model

Defect S zZ S zZ S

Short U & S 0 Z=notS=1 | st-at-0 st-at-1 * *

Short S & U 1 Z=notS=0 st-at-1 st-at-0 * *

Short U & S & U ov 7=0V * * st-at-0V st-at-0V

Open A 0/1 Z=B=0 * st-at-0 * *

Open B 0/1 7Z=A=1 * st-at-1 * *

Open Z 0/1 7=0V * * * st-at-0V
TABLE III

MAPPING DEFECTS FOR AND FUNCTION, PI-PRIMARY INPUT AND PO-PRIMARY OUTPUT

Function: AND PI & PO Logic Fault Model Component Fault Model
Defect S zZ S zZ S V4
Short U & S 0 7=A=0 st-at-0 st-at-0 * *
Short S & U 1 Z=B st-at-1 st-at-B * *

— 7=0, B=0 * * *
Short U & S & U ov Z=0V. B=1 & st-at-0V "
Open A 0/1 Z=B * st-at-B * *
Open B 0/1 7Z=A=0 * st-at-0 * *
Open Z 0/1 7=0V * * * st-at-0V

TABLE IV

MAPPING DEFECTS FOR MUX FUNCTION, PI-PRIMARY OUTPUT AND PO-PRIMARY OUTPUT

generation.

[1]

[2]

[5]

[6]

Function: MUX PI & PO Logic Fault Model Component Fault Model
Defect S Z S Z S V4
Short U & S 0 Z=A stat-0 | statA * *
Short S & U 1 7=B st-at-1 st-at-B * *
7Z=A=B=0 * * *
Short-U & S & U | 0OV Z=A=B=1 * * st-at-0v *
7Z=0V, A#B * * *
Open A 0/1 Z=B * st-at-B * *
Open B 0/1 7Z=A * st-at-A * *
Open Z 0/1 7=0V * * * st-at-0V
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