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Abstract—Single layer sheets of graphene show special electrical
properties that can enable the next generation of smart ICs.
Recent works have proven the availability of an electrostatically
controlled pn-junction upon which it is possible to design multi-
function reconfigurable logic devices that naturally behave as
multiplexers. In this work we introduce a stable large-signal
Verilog-A model that mimics the behavior of the aforementioned
devices. The proposed model, validated through the SPICE char-
acterization of a MUX-based standard cell library we designed
as benchmark, represents a first step towards the integration of
Electronic Design Automation tools that can support the design
of all-graphene ICs.

I. INTRODUCTION AND GRAPHENE PHYSICS

Isolated for the first time in 2004 [1], [2], graphene is a
one-atom-thick sheet of graphite where all the carbon atoms
form covalent bonds in a single plane. The resulting hexagonal
crystal lattice provides graphene with a gapless energy band
structure in which the conduction and the valence bands touch
each other at the Fermi energy (Zr) [3]. Therefore, differently
from semiconductors, where Er falls in the bandgap, with
graphene it is not possible to implement an “OFF” state.

This characteristic has been initially used as an argument to
support the inadequacy of graphene in the implementation
of electronic devices and has forced the research community
to find new process techniques that can open a gap in the
energy band structure. Graphene Nanoribbons (GNRs), which
are narrow stripes of graphene, have been emerged as potential
candidates that overcome this issue, thereby allowing the
creation of graphene-based transistors [4].

However, cutting graphene into nanoribbons is not the only
possible choice. Few recent works proposed the use of an
equivalent graphene-based pn junction [5] to implement a
new class of devices which show optic-like properties and
that naturally behave as a reconfigurable multiplexer [6];
interconnections of multiple devices and proper signal assign-
ments of inputs allows to realize all the basic logic Boolean
functions. The analysis reported in [6] and [7] indicate that this
reconfigurable gate can outperform CMOS technologies below
the 22nm node in terms of both delay and power consumption.

Motivated by these encouraging results, in this work we
propose a stable large-signal device model written in Verilog-
A. In order to validate and test the stability of the model, we
designed and characterized a standard cell library consisting
of several logic cells implemented through the reconfigurable
graphene primitive. Simulation data have been collected in a
LUT-based timing library formatted using the EDA Liberty
standard of Synopsys. The model we proposed, combined with
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the quantitative analysis reported in the experimental section,
can support CAD developers during the implementation of new
synthesis tools and optimization techniques that better exploit
the potentials of a graphene-based reconfigurable technology.

II. PN JUNCTION LOGIC DEVICES ON GRAPHENE
A. Graphene pn Junction

The Fermi energy Er of a sheet of pristine graphene passes
at zero eV where the valence band and the conductance band
touch each other; this provides the material with semimetallic
properties. Exploiting an electrostatic doping [3], it is however
possible to shift the Er down in the valence band, or up
in the conduction band, obtaining p-type or n-type graphene
respectively.

The structure of an electrostatically controlled pn junction
is shown in Figure 1 and consists of two split metal back-
gates isolated from the graphene sheet by a thick layer of
oxide. The two metal “sticks” drawn in the figure represent the
conceptual source and the probe that are emitting and receiving
the carriers. One can apply a symmetric control voltage (£U)
to the two back-gates: a negative voltage (—U) makes graphene
above the the gate p-doped, whereas a positive voltage (+U)
makes the above graphene n-doped.
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Fig. 1.

Graphene-based pn junction.

As demonstrated in [8], the existence of the Klein tunneling
allows carriers from the p-region to cross the junction with a
probability 7T'(f) that depends on (i) the angle 6 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) = 0082(0)67kasin29 (1)

Notice that the probability is 1 (regardless of D) when 6 = 0,
i.e., when the wave vector is orthogonal to the junction, and
it reaches 0 at 7/2.



B. Multi-Function Graphene Device

Figure 2 shows the 3D view of the reconfigurable logic gate as
presented in [6]. It consists of a graphene sheet, three isolated
metal back-gates, U, A and U, and three upper metal-to-
graphene contacts, B, F' and C. The back-gates U, A and
U are used to control the doping profile of the two back-faced
pn-junctions (A — U on the left and A — U on the right);
this allows to dynamically redirect the charges from B-to-F
or C-to-F.

Fig. 2. 3D view of the reconfigurable logic gate [6].

From a functional point of view, the gate behaves as a
Multiplexer with B and C being the the data inputs, F' the
output, and A the selection signal: F = B when A = 0,
F =C when A=1.

Figure 2 shows the case U =“1" (U =“0"). Notice that the
“1” logic value is +Vy4/2 and the “0” logic value is —Vj4/2.
The graphene region above the gate A changes its doping
concentration following the voltage of the signal A. When
A =*17, the central graphene becomes n-type, forming a pn
junction on the left and a nn junction on the right. Such
configuration allows a very high electrical resistance (Rpy)
from B to F, and a very low resistance path from C to F
(Ryn)- Therefore, the output at F' follows the signal at C. On
the contrary, when A =“0”, the central graphene becomes p-
type, forming a low resistive pp junction on the left; this makes
the output at F' to follow B.

The triangular shape of the back-gates allows the pn-junctions
to have a 45° rotated normal. As we show later in the text,
this impacts on the resulting transmission probability 7'(6),
and thus, on the electrical properties of the device.

In this work, the back-gate U is fixed at logic “1” T=0")",
but one could fix U=*0" changing the polarity of the multi-
plexer: ' = C when A =0, or FF = B when A="1".

III. VERILOG-A MODEL
A. RC Electrical Model

In the reconfigurable device described in Section II-B, the
two programmable pn junctions A — U and A — U connect
the output F' with the inputs B and C' respectively. When
set in the nn (or pp) mode, i.e., when the back-gate voltages
are concordant (A = U or A = U), the junction exhibits
a low-resistance (R, or I,,). When set in the pn (or np)
mode, i.e., opposite voltages at the back-gates (A # U or
A # U ), the junctions show a high-resistance (R, or R,j).
It is worth mentioning that (i) the device shows a symmetric
structure, therefore R,, = R,,, and (ii) an electrostatic
controlled graphene pn junction it is not a true pn diode: when
reverse-biased, current flows in the opposite direction, that is
Ry, = Ry,

'This choice simplifies the interconnection of multiple devices in a row,
similarly to what is done with regular CMOS standard cells where fixed metal
contacts work as Vg and Vgpq.
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Electrical schematic of the reconfigurable device.

Fig. 3.

The value of R, is simply defined by the geometrical width
W of the graphene sheet, as shown in the following equation:

hm

Rnn = Ro Nc = T otir1
/Nen 12Wkp

@)
where R, = h/4q? is the quantum resistance per mode in the
graphene sheet, and N, = Wkp /7 represents the number of
excited modes, with kr the Fermi wave vector.

The value R, is function of the transmission probability 7°(9),
with 6=45° as physically defined by the geometrical shape of
the back-gates:

R, B hr
T(O)Necn,  4¢2WKpT(45°)

an = (3)

where T'(45°) can be estimated from Equation].

Figure 3 shows the equivalent electrical model of the device.
It consists of four switches 11, 15, T5, Ty, controlled by the
input voltage A. With V(A4) =“17, T, and Ty are closed,
while 77 and T3 open; hence, C' is connected to y3 through
the low resistive path R,, (left branch) while B is isolated
from y3 thanks to the high resistive path 12, (right branch).
If V(A) =“07, T} and T3 are closed, while T and Ty open;
hence, B is connected to y3 through the low resistive path
R, (left branch), and C is isolated from ys thanks to the
high resistive path R, (right branch).

The electrical model also includes resistive and capacitive
parasitics. R. (assumed to be 10(2) represents the resistance
of a metal-to-graphene contacts and it has been applied for the
three front metal contacts B, C' and F[6].

The lumped capacitance C, at the back-gate A consists of the
series of the oxide capacitance C,; and the quantum capaci-
tance from the graphene sheet Cy, i.e., Cy = 1/(Cp,t +C; ).
C, 1s the conventional parallel plate capacitance and its value
per unit of area is given by C,,,, = i, where € and t,, are the
the dielectric constant and the dielectric thickness respectively.
The quantum capacitance C, is a function of the density of
carriers at the Fermi energy Er, whose analytical equation is

given by:
1
Ep = ; (\/62 + 27veqVyton — 6) 4)
Ylox




where v = (4mq?)/(h?v%) (q is the electron charge, h the
Plank’s constant, vy the Fermi velocity), € is the permittivity
of the oxide and V the gate control voltage applied at the
corresponding back gate. The quantum capacity per unit of
area is therefore given by C, = vEp. To notice that we do
not consider Cy for the back-gates U and U as they do not
contribute to the dynamic of the device.

The elements C._;, at node A and C._,,; at node F' represent
the capacitive coupling among the back-gates and the front
metal contacts respectively. Both are function of the distance
between the metal contacts and the coupling surface area.

B. Verilog-A: Implementation Details

Verilog-A is a general-purpose Hardware Description Lan-
guage for circuit modeling and simulation. The basic paradigm
behind verilog-A descriptions is to represent the circuit in
terms Kirchhoff’s Voltage and Current Laws (KVL and KCL)
between the nodes.

The verilog-A code for the reconfigurable logic gate is shown
in Algorithm 1.

Line 1 and 2 include the the variables that make the verilog-A
specific for electrical modeling along with those that define
universal constants.

Lines 3 to 5 represent the module block. The module name is
defined in Line 3, dev, while Line 4 and 5 define the ports
direction.

Lines 8 and 9 define the internal variables and parameters
(values are omitted for the sake of space) used to calculate
the values of electrical elements.

Lines 12 to 16 define the equations described in Sectionll
through which the simulator calculates the value of R,,,, and
R,,, both function of the voltage at the control port A.
Lines 17 to 20 define the equations for input parasitic capaci-
tance Cy, = Cg + Ce—in.

Line 21 defines the KCL at the input port A: C;,, - dV(A)/dt.
Lines 22 to 28 define the behavior of the four switches which
are controlled by the voltage at node A; e.g., when A is at ‘1’,
T2 is closed and the voltage at Y7 is set to the voltage of the
input port C.

Lines 29 to 31 define the I-V equations from the nodes Y; and
Y5 to the intermediate node Y3

Line 32 finally describes the KCL at the output port F:
Co—out - dV(F)/dt.

IV. SIMULATING THE VERILOG-A MODEL
A. Case of Study: A MUX-based Logic Gate Library

Figure 4 shows the logic gates designed using as primitive the
re-configurable graphene device. We call these logic gates RG-
gates hereafter. Some have different implementations (called
architectures), whereas some others (NOT, BUF, and XOR)
have a single one.

The actual contribution of this section it is not the figure
itself (the MUX-equivalents of the basic gates are somehow
straightforward), but rather (i) to verify the functionality of
the Verilog-A model when used to implement multi-stages
RG-gates and (ii) characterize the performance of those gates.
The obtained results, collected in look-up tables (LUTs) and
formatted using the Synopsys .LIB standard, make the RG-
gates usable as conventional cells in standard CMOS synthesis

Algorithm 1 Verilog-A code for the reconfigurable logic gate

1: ‘include ‘‘disciplines.vams"

2: ‘include ‘‘constants.vams"

3: module dev(A,B,C,F);

4: input A, B, C;

5: output F;

6: real Tox, d, Ef, pi, q, h, Vf, Y, E, EOT, Kf, Coz,
Cq: T, Rnn,r anr Rc:'

7: real Ce_in, Ce—out: Cq, Cin, A;

8: analog

9: begin

10: Y = (4% pix*q?)/(h%*« Vf3);

11: E¢ = (sqrt(pow(E,2)+

12: +(2*Y % E*qx*abs(V(a)) *x EOT)) — E)/(Y « EOT);
13: Kf=2x*pixabs(Ef))/(h*xVf);

14: Rpn = (pixh)/(4%¢>xwx Kf);

15:  Rpn = Rpn/T;

16: Cop = E/Tox;

17: Cy=YxEf;

18: A=w?+2xwxd;

19: Cyg = Ax (CoxxCq)/(Cox +Cq)i

20: Cin =Cg+Ceini

21: I(A) <+ Cip *ddt(V(A));

22: if (V(A) >0)

23: V(Y1) <+ V(C);

24 V(Y2) <+ V(B)

25 else

26 V(Y1) <+ V(B)

27 V(Y2) <+ V(C);

28: end if

29: V(Y3,Y1l) <+ I(Y3,Y1)x (Rpn + Re);
30:  V(Y3,Y2) <+ I(Y3,Y2) % (Rpn + Re);
31: V(Y3,F) <+ R.+I(Y3,f);

320 I(F) <+ Co_our * ddt(V(F));

33: end

34 : endmodule
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Fig. 4. Logic gates architectures using the re-configurable gate as a primitive.

flow; moreover, they provide designers with new rules of
thumb for future design optimizations.

B. Library Characterization

Each gate has multiple LUTs, each one describing the output
rise/fall propagation delay and the output rise/fall transition
time; gate delays are measured for different fanout and input
rise/fall time (7)., 5). The propagation delay is defined as 50%
of input signal to 50% of output signal; output transition time
is measured from 20% to 80% for rising and 80% to 20% for
falling. A fanout (FO) of n indicates that the cell is connected
to n cells of the same type.

From the collected results we first observed that, as for the case
of conventional CMOS technologies, RG-gates get slower for
larger fanout and for larger input transition times. We omitted
those numbers for the sake of space.

Table I reports the worst case propagation delays under differ-
ent FO;data refers to Architecture 1 of Figure 4. For INV, BUF,
AND and OR the worst case delay is observed from the select




[ | Rising propagation delay [ps] |
Gate FO1 FO2 FO3 FO4 FO5
INV 0.486 0.680 0.861 0.987 1.110
BUF 0.486 0.680 0.861 0.987 1.110
AND 0.486 0.680 0.861 0.987 1.110
OR 0.486 0.680 0.861 0.987 1.110
NAND| 0.567 0.634 0.672 0.706 0.736
NOR 0.567 0.634 0.672 0.706 0.736

XOR | 0.486 | 0.680 | 0.861 0.987 1.110
XNOR| 0.486 | 0.680 | 0.861 0.987 1.110
TABLE 1. PROPAGATION DELAY FOR THE RG-GATES

pin of the multiplexer to the main output F'. All those cells
have same delay as they are implemented with a single stage.
In general, this is not true in conventional CMOS technologies
where different logic gates are typically implemented with
different internal architectures.

Cells like NAND and NOR gates, which have one extra stage
more w.r.t. INV and BUF, should have a delay that is roughly
2x larger. However, this is not the case as can be seen from
the table. The effect can be explained by observing the in-to-
out timing path. The worst case timing arc is measured from
the select pin of the first stage to the main output F’, passing
through the select pin of the second gate. The total delay is
therefore given by the sum of the delay of the first stage, same
as INV with FOI (regardless of the main output FO) and the
delay of the second stage. The latter has been observed being
very small (due to a fast transition of the signal generated
by the first stage) and less sensitive from the output FO (as
the select pin, i.e., the back-gate of the device, is physically
isolated from F). Thus, the overall delay is greater than that
of INV for FOI1 and slowly increases with the output FO.

Also the gates XOR and XNOR, implemented with two stages,
should have same delay of NAND and NOR gates. Instead
they have the same speed of cells implemented with a single
stage (e.g., INV, BUF). Main reason of this effect is that
the worst case delay path is observed from the select pin
of the second stage X to the main output F, and not from
Y to F' as one can intuitively expect. In fact, we observed
that longest timing paths are usually those that involve the
select pin of the multiplexer. This effect is representative of
an important property: the delay is primarily determined by the
type of terminals involved in the critical path rather than the
mere number of stages traversed. Although this shares some
similarities with CMOS devices, where the pin assignment has
a strong impact on the resulting performance of the gate, in
CMOS the number of traversed gates is a more meaningful
estimate of propagation delay.

The analysis continues considering the dependence from FO,
columns 1 to 5. There are two main delay “groups” of
cells: one including INV, BUF, AND, OR, XOR and XNOR
which are slower (except for FO1) and more sensitive to load
variations (2.3x difference from FO1 to FOS5), and an another
one, made up of NAND and NOR, that is faster and less
sensitive to load variation (1.3x difference from FO1 to FOS).
In general, it appears that faster cells are less immune to load
variations.

As final remark, Figure 5 compares the delay of those gates
that have multiple implementations, namely, AND, NAND,
OR, NOR and XNOR. The characterization is done with a
fanout of 4. It can be inferred from the plot that when the
selector pin of the multiplexer (i.e., the back-gate of the
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Fig. 5. Delay comparison for multi-architecture gates.

graphene device) is short-circuited to one of the data input
(i.e., one of the front metal contacts B or C in the graphene
device), e.g., signal X in the first stage of the NAND gate,
the cell gets slower. This is the case for NAND and NOR,
where the second architecture Arch2 is slower than Archl.
The same motivation holds for AND and OR gates, where
Arch?2 is slower. Also for OR and AND gates it can be seen
that Arch3 is faster than Arch2.

Concerning the XNOR gate, Arch2 is slower than Archl
because of the additional stage.

V. CONCLUSIONS

In this paper we introduced a Verilog-A behavioral model for
a graphene-based multi-functional logic gate. The model was
used to characterize basic logic gates implemented by means
of the primitive graphene-based device. Our approach was ori-
ented towards a conventional paradigm based on library-based
synthesis. Experimental results demonstrated the stability of
the proposed model and allowed us to identify common design
patterns that will be used for future circuit optimizations.
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