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Abstract—Tunneling field-effect transistors (TFETs) stand out
among novel device technologies for low-power circuits and
systems. While some TFETs exhibits behavior similar to MOS-
FETs, a group of emerging tunneling devices including symmetric
tunneling FETs (SymFETs) and interlayer tunnel FETs (IFETs)
demonstrate a bell-shaped I-V characteristic dissimilar to that of
MOSFETs. They have shown the potential for image processing
and nontraditional computing in analog applications and the
design of Boolean gates with SymFETs has also been explored.
This paper uses a SymFET as a proxy to design sequential circuits
comprised of devices with bell-shaped I-V characteristics. Said
circuits are essential as practically any application requires the in-
definite storage of data and control modules during computation.
We show that the negative differential resistance (NDR) behavior
of SymFET transistors can be employed to build compact and low
power latches and flip-flops. The relationship of SymFET with
another well-known tunneling device, namely resonant tunneling
diode (RTD), is investigated. We illustrate how previous research
on RTD-based circuits — such as monostable-bistable (MOBILE)
self-latching circuits and highly compact MOBILE-based D flip-
flop circuits — can be adopted to SymFETs. Our paper provides
a novel path of circuit designs based on devices that have
characteristics similar to SymFETs and shows that SymFETs are
a promising option for image processing applications in terms of
power and area.

I. INTRODUCTION

Over the past few decades, many new devices have been
proposed for low-power nano-scale signal processing [1].
Properties of these post-CMOS devices are completely dis-
similar to today’s MOSFETs. A class of emerging transistor
technologies that operate via tunneling have bell-shaped I-
V characteristics. More specifically, recent publications on
double-layer graphene transistors [2], symmetric tunneling
field-effect transistors (SymFET) [3], bi-layer pseudo-spin
FETs (BiSFET) [4], and interlayer tunnel FETs (ITFET) [5] all
report bell-shaped I-V curves. This behavior is also exhibited
in molecular transistors [6] and single-electron transistors
[7] as well. Ultimately, the ability to design compact, high-
performance, and/or energy efficient circuits and systems with
the aforementioned transistor technologies — that are superior
to CMOS and/or the current state-of-the-art — will determine
the utility of said devices. In this work, we consider how
sequential circuit elements can be realized with devices that
exhibit bell-shaped I-V characteristics.

To the best of our knowledge, work related to the design of
digital circuits comprised of emerging transistor technologies
with non-traditional I-V characteristics is rather limited, let
alone storage elements/sequential circuits. The authors of [§]
considered how logic gates may be designed with BiSFET
devices. (This work assumes a 25 mV supply, which could
be problematic since the ripple on the supply rails is often
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on the order of 10s of mV.) An SRAM cell without access
transistors was presented in [9], which used negative differ-
ential resistance (NDR) to build a bistable circuit with only
two transistors (as opposed to four in a typical CMOS SRAM).
Recently, SymFET devices have been explored for both analog
and digital circuits/applications. SymFETs are studied as for
improving hardware security [10], and for realizing conven-
tional digital logic with enhanced functionality (e.g., inverters
with Schmitt-trigger behavior, 3-device majority voters, etc.)
[11]). In the context of non-Von Neumann computer archi-
tectures, [12] considered using SymFETs to realize circuitry
required for cellular neural networks (CNNs). Notably, the
authors present SymFET-based anisotropic diffusion hardware,
useful for edge preserving, image denoising, etc., common
steps in image processing pipelines. SymFET-based hardware
is passive and requires just 1-device/node (compared to 30+
devices in CMOS hardware) in an RC network. However,
per [13], [14], other digital hardware and storage elements
are required to actually use diffusion hardware. While it
might be possible to develop hybrid CMOS-SymFET systems
by leveraging CMOS for the digital part, such an approach
presents significant integration challenges. Fulfilling the needs
for SymFET storage elements will pave the way for designing
SymFET digital and mixed-signal circuits for image process-
ing as well as other applications.

The focus of this paper is on designing flip-flops (FF) and
latches with devices exhibiting bell-shaped I-V characteristics,
specifically with SymFET as the representative device. DFFs
and latches are basic sequential logic elements required for
effectively every circuit/application described above. We pro-
pose several new latch circuits that have topologies different
from those of CMOS designs. We study the relationship
between SymFETs and resonant tunneling diodes (RTDs) to
verify the feasibility of adopting RTD-based circuits. Specifi-
cally, monostable—bistable transition logic element (MOBILE)
circuits, proposed for RTDs in [15], are redesigned using Sym-
FETs. Inspired by MOBILE and latch circuits proposed above,
we further introduce SymFET-based D flip-flops (DFFs) with
lower device counts. We then evaluate the performance of
SymFET-based gates to investigate their potential benefits.

II. BACKGROUND

Below, we first describe the relevant SymFET characteristics
and the device model. We then briefly review the use of
SymFET to motivate the needs for SymFET-based sequential
circuit elements. We finally give a short review of a RTD
MOBILE circuit which inspired our SymFET DFF designs.
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Fig. 1. (a) Physical structure and symbol of a SymFET. (b) Its characteristics.

A. SymFET device description and usage

The physical structure of a SymFET and its I-V character-
istics are illustrated in Fig. 1. Tunneling occurs between two
graphene sheets separated by a thin insulator. The top-gate
(TG) and back-gate (BG) voltages change the carrier type and
sheet density of the drain (D) and source (S) graphene layers
by electrostatic field. In this device, the tunneling probability
depends on the availability of occupied/empty states on both
sides of the tunneling barrier. The gate voltages can modulate
the drain-source current /pg. The Ips-Vpg curve has a peak
current. Per Fig. 1(b), both the value and position of the peak
depend on the gate voltages. Note that the device is symmetric.
If V¢ — Ve were set to a negative value, then the peak
current would have appeared at a negative Vpg. (In other
words, the role of TG and D are interchangable with that
of BG and S). SymFET I-V characteristics have also been
observed experimentally [2], and recent experiments suggest
strong differential conductance even at room temperature [16].
While beyond the scope of this paper, more detailed analyses
of the device can be found in [3], [17]-[19]".

For the work to be discussed here, as in [11] we employ
the analytical model in [3], [19] to find Ipg via the terminal
voltages, for a device with an effective oxide thickness of
1.2 nm, and 1.34 nm of boron nitride (4 layers of h-BN)
insulator between undoped graphene sheets. The active device
area is assumed to be a square and the coherence length is
0.75 times the square side. (Coherence length determines what
percentage of the graphene sheets is structurally perfect; see
[18] for more details.) As current research works are mostly
limited to large graphene sheets, the minimum size transistor
is conservatively selected to be 100 nm-by-100 nm in all
simulations. Data is used to build a (tabular) Verilog-A model.
This allows us to do SPICE simulations with this 4 terminal
device. Model capacitors are based on planar capacitance
between TG and S, BG and D, and also between D and S.
No quantum capacitance or fringe capacitance is considered.
We believe that these initial assumptions are reasonable even
as the actual device structure may evolve.

The unique I-V characteristics of SymFETs open the door
for novel use of these devices to drastically simplify circuits
in a number of applications. For example, [12] suggested
that SymFET-based CNNs could solve problems with fewer

! Also, note that devices such as the interlayer tunnel FET (ITFET) [5] have
a similar behavior to a SymFET. Furthermore, recent graphene-based tunnel
FETs also have similarities with structures first proposed in the 1990s [21].
We use SymFETs as a proxy for all these types of devices.
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Fig. 2. (a) RTD-based MOBILE inverter. (b) Its operation (for a low A) as
CLK gradually increases.

computational steps (or template operations) as compared
to conventional, MOSFET-based CNNs. SymFETs have also
been considered in CNN-inspired architectures — specifically
diffusion networks and other Gaussian-function processing
that are currently used to do image denoising, etc. as a
pre-processing step [20]. The authors of [20] suggest that
a SymFET-based approach could reduce device count of a
diffusion network by a factor of 30. Moreover, in a CMOS-
based version, resistive-fuses would be active circuits, whereas
the SymFET-based nonlinear element is fully passive, resulting
in no extra power dissipation in the cell. However, SymFET-
based diffusion network requires external logic control and
storage/sequential elements to achieve the complete applica-
tion as like [13], [14]. Integrating CMOS digital logic with
SymFET diffusion network presents not only significant fab-
rication challenge but also could significantly lower the benefit
of SymFET diffusion network. Pure-SymFET implementations
without performance and power degradation would be much
more desirable for such applications.

B. RTD MOBILE inverter

Some features of SymFETs resemble those of RTDs, which
can shed light on how to design SymFET-based logic elements.
There has been a significant amount of research on developing
logic circuits using RTDs [22]. While we do not intend to
revisit this entire body of work here, we do review one key
RTD design concept, MOBILE, perhaps the most popular
RTD-based logic element [15].

MOBILE structures have a self-latching property. More
specifically, the RTD-based circuit in Fig. 2(a) works both
as an inverter and edge-triggered flip-flop (DFF). The circuits
has one switch (implemented by a transistor) and three RTDs
which should be properly sized such that their peak currents
satisfy the criteria in Eq.(1).

Ippo < Ipgs and  Ippy + Ippo > Ipis. (D

The operation of the gate relies heavily on the NDR region
of RTDs (see Fig. 2(b)). When the CLK signal is at a low
voltage, the circuit is monostable and the output F' is low. As
the CLK signal increases, the driving current curve (Ip; +
Ipo) intersects with the load current curve (Ip3) in the NDR
region of the driving current, resulting in metastability. When
the CLK signal becomes sufficiently large, the output reaches
one of the two stable points. The example shown in Fig. 2(b)
assumes that A is low (Ip; = 0), and the final output voltage
is high. Similar operation applies for a high level A.

It can be readily seen that the RTD MOBILE inverter
exhibits edge-triggered, self-latching properties. Unfortunately,
the output of the mobile inverter returns to zero when CLK
becomes low. However, by combining such a mobile inverter
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Fig. 3. (a) A latch and its truth table. (b) The I-V curve of transistors T1
and T2 when there is no speedup transistor. (c) The I-V curve of transistors
where Ip13 = Ips1 + Ipss and Iso4 = Isp2 + Ispa.

with a set/reset latch, the complete functionality of DFF can
be realized [23].

ITII. SYMFET LATCHES

In this section, we present several SymFET latch designs
that exploit the unique I-V characteristics of SymFETs. While
a latch could be useful in and of itself, the work discussed in
this section can also be used as a starting point for SymFET
flip-flops (to be discussed in Sec. IV-B).

A. Latch based on bell-shaped I-V curve

We first introduce a latch design in Fig. 3(a). Transistors
T1 and T2 form the core part of the latch, whereas transistors
T3 and T4, referred to as speedup transistors, are only used
to improve circuit speed. The latch has three valid input
combinations. (R = 0 and S = 1 is not allowed since
T1 and T2 are both off in this case.) The operation of the
latch (without T3 and T4) can be explained using Fig. 3(b).
For example if R = S = 0, then T1 is off and T2 is on.
Consequently the output capacitance is charged and the final
output voltage is close to Vpp. In R = 1 and S = 0, the
circuit is bistable and, depending on the previous (), the output
voltage can be either low or high.

Transient simulation results of the circuit without transistors
T3 and T4 are shown in the middle of Fig. 4. The rise and fall
times are relatively large, which are due to the small charge
and discharge current. Consider the case where the output is
initially low, and the input is then set to R = S = 0. The
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Fig. 4. Input/output waveforms of the latch in Fig. 3 with and without speedup
transistors T3 and T4 (Vpp =1V, Vp =0.5V, all transistors are minimum
size and load is an FO4 inverter).

output capacitance is charged, but the charging current — which
is the difference between the currents of T1 and T2 (I — I3
in Fig. 3(b)) — is small for a large range of output voltages.
To improve the transient response of the circuit, transistors
T3 and T4 are employed. The BG of T3 (and T4) is connected
to its source terminal, and therefore Vg3 — Vpas is larger
than Vpg1 — Vpgr for a high-level R. This shifts the peak
current of the Ips — Vpg curve of T3 to a higher Vpg.
Current summations Ips1 + Ipgs and Isps 4+ Isps have two
peaks as seen in Fig. 3(c). Comparing Fig. 3(b) and Fig. 3(c)
shows that in principle, the logical functionality of the circuit
does not change after adding T3 and T4. The main difference
is that charge and discharge currents become higher. In the
aforementioned example, if the output node is supposed to be
charged, adding T4 increases the charging current from [ —I;
to Io4— I at certain output voltages (where Ioy = Io+14 ). On
average, the charge current is significantly larger. The effect
of employing transistors T3 and T4 can be seen in Fig. 4. The
rise time of the circuit is reduced from 5.1 ns to 0.83 ns.

B. Latch based on non-linear resistance of SymFET

The latch in Sec.III-A has only 4 transistors compared with
conventional RS latch which has 8 transistors, but the high
supply voltage (1V) makes the power consumption not good
as desired. We then consider a SymFET RS latch that starts
from the simple two-transistor circuit shown in Fig. 5(a). Here,
two SymFETs of the same size are used as nonlinear resistors
per Fig. 5(b). If inputs A and B have the same logic level,
output I’ will have the same level, independent of whether the
resistors are linear or nonlinear. If one input is low and the
other input is high, the circuit is bistable and has two stable
quiescent points. As shown in Fig. 5(c), the I-V curves of the
two transistors have three intersections, one of which is not
stable because it lies on the NDR region of the curves. As a
result, F' can be either low or high when one and only one of
the two inputs is high, and is determined by its previous state.

The truth table of the circuit is captured in Fig. 5(d), which
clearly shows the resemblance with that of a latch. In fact,
adding an inverter (e.g., the SymFET inverter in [11]) to
the circuit results in the well-known RS latch as shown in
Fig. 6(a). It should be added that the truth table of the new
RS latch is slightly different from that of Fig. 6(b) as the input
combination of ‘11’ is not allowed in the conventional design.
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Fig. 6. (a) 4-transistor RS latch and its truth table. (b) Conventional RS
latch. (c) Simulation results (Vpp =0.5V, Vg = Vpp/2, all transistors are
minimum size and load is an FO4 inverter).

The simulated transient response of the new circuit is shown
in Fig. 6(c). The rise time (10%-t0-90%) is 0.8 ns.

IV. SYMFET MOBILE AND DFF

In this section, we consider the design of SymFET DFF.
A straightforward way to achieve this is to use NAND gates,
inverters, and an RS-latch element described in Sec. III to re-
alize a "conventional” DFF schematic with SymFETs. Though
this design requires fewer devices than a conventional CMOS
DFF, the final circuit area and power consumption are not as
desirable. Another way is based on MOBILE gate which could
lead to more efficient design. Below, we first discuss SymFET
MOBILE inverter/buffer which forms the basis of DFF, then
propose the SymFET MOBILE-based DFF.

A. SymFET MOBILE inverter and buffer

To build MOBILE inverter/buffer, one way is using Sym-
FETs to mimic an RTD. Fig. 7(a) shows a circuit built by
placing two SymFETs in parallel. The current passing through
the element is the sum of the currents in T1 and T2. As shown
in Fig. 7(b), each transistor contributes to one peak in the
total current and the N shape curve expected from an RTD is
obtained for a properly designated voltage range. Note that the
shape of the curve can be tuned by adjusting the bias voltages.
By replacing each RTD in Fig. 2 with the SymFET construct
in Fig. 7(a), one can obtain a 7 device SymFET mobile inverter
with self-latching properties. However, it is possible to design
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Fig. 7. A circuit (a) to realize RTD-like characteristics (b) with SymFETs.

even more compact MOBILE circuits with SymFETs, which
we will elaborate on below. We introduce a 3-device SymFET
mobile inverter design as shown in Fig. 8(a). Here, T1 acts as
both the switch and D1 while T2 and T3 act as D2 and D3,
respectively, in Fig. 2(a). The correct operation of the circuit
depends on the sizing of T1-3 and also the bias voltage V35,
which is selected to satisfy the criteria specified for the mobile
inverter design in Eq. (1).

The operation of the circuit is summarized below. When
input A is low, Ipg; is negligible. The size of T3 is twice that
of T2 and therefore the peak current of T3 is higher than that of
T2 as desired per Eq. (1), resulting in a high-level output. Vg
is selected to be 0.4V so that the gate voltage difference of T1
is positive, making the peak current of T1 and T2 higher than
that of T3. This ensures that a high-level input will result in
a low-level output. Transistor currents are shown in Fig. 8(b)
for a high CLK (equal to 0.6V). The circuit is bistable for
both input logic levels. Fig. 8(c) illustrates the input/output
waveforms of the circuits. Input levels are selected to be 0
and 0.6V, similar to the worst case of output levels. Note that
altering A does not change the output, even when CLK is high.
However, similar to the RTD mobile inverter, the SymFET
mobile inverter cannot hold the output when CLK returns to
a low level. As such, the complete functionality of a DFF is
not realized.

It is also possible to build a MOBILE buffer following
a similar idea to MOBILE inverter. In this case the driving
capabilities of the pull-up and pull-down transistors are re-
versed. Fig. 8(d) shows the schematic of the MOBILE buffer.
The operating principles of the SymFET MOBILE buffer is
analogous to the MOBILE inverter and we omit the discussion.

B. SymFET D-Type flip-flop

Now we consider the design of SymFET DFF by using the
MOBILE buffer/inverter introduced above. Fig. 9(a) shows the
schematic of this MOBILE-based DFF. This design uses one
MOBILE buffer, an inverter with Vpp replaced by CLK, and
an RS latch, leading to only 9 devices. The circuit operates
as follows. At the rising edge of CLK, in accordance with
the data input, the clocked inverter generates a reset pulse,
and the MOBILE buffer generates a set pulse. These pulses
then switch the RS latch, and the data is stored at the latch
output. Even though CLK’s falling edge drives the output of
the MOBILE gate to a low level, the DFF retains the output
value, thus achieving the full DFF operation. Fig. 9(b) shows
the waveforms obtained from simulation.

Below, we elaborate on a few unique points related to the
MOBILE-based DFFE. First, note that when CLK transitions
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Fig. 8. (a) SymFET MOBILE inverter. (b) Currents of transistors versus

output voltage when clock has reached its final value (0.6V); note that for
both low and high input levels, the circuit is bistable. (c) Transient simulation
of the inverter; F' is high, only if A is low at the rising edge of CLK. (d)
SymFET MOBILE buffer. Vp=0.4V.

from high to low, the output of the clocked inverter is cut
off from the power supply. Astute readers may be concerned
with the state of the DFF. However, careful analysis shows
that the DFF functions exactly as expected. Specifically, if the
output of the clocked inverter is low (and thus the output of the
MOBILE buffer is high) before CLK transitions from high to
low, the output of the clocked inverter remains at a low level
after the transition. Hence, the state of the RS latch transits
from set to hold (as both R and S are at low). Now if the
output of the clocked inverter is high (and thus the output of
the MOBILE buffer is low) before CLK transitions from high
to low, the output of the MOBILE buffer remains at a low
level and hence the RS latch either goes to hold or remains in
reset. (Recall that the previous state of the RS latch is reset
since the output of the clocked inverter is high.)

Another point pertains to the edge-trigger property. Though
changing the input after a rising edge of CLK may change
the state of the clocked inverter, the self-latching property of
MOBILE buffer guarantees an unchanged output of the latch.
As demonstrated in the simulation results in Fig. 9(b), the
circuit in Fig. 9(a) indeed realizes the DFF functionality.

V. EVALUATION

In this section, we present the performance and power
study of the SymFET storage elements introduced in the
previous sections. The metrics considered include voltage
supply (Vpp), peak-to-peak output swing (V, ;,;,), propagation
delay (7}), average dynamic energy for an output switching
(Epyn), static power dissipation (Psr47) and total power
consumption (Pror). All data are obtained from HSPICE
simulations using the SymFET model discussed in Sec. II-A.

Table I summarizes the values of the considered metrics for
the latches and MOBILEs. Note that two different dynamic
energy values, depending on whether the circuit is adiabatic
(the smaller number) or not (the larger one), are given in
Table I for the MOBILE inverter and MOBILE buffer. When
CLK goes low, the charge stored at the load capacitance
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Fig. 9. (a) SymFET MOBILE-based DFF. (b) Simulation results with a FO4
inverter as the load.

returns back to the CLK node. If the CLK generation circuitry
is capable of absorbing this charge, the circuit is adiabatic
and consumes less energy. On the other hand, the CLK circuit
might direct the charge to ground and there will not be any
charge recovery. From Table I, one can see that the latch design
in Fig. 6 consumes 3X lower power than the latch in Fig. 3.
This is mainly due to the fact that the design in Fig. 3 requires
a higher supply voltage and has higher static power.

In Table II, the performance, power and area of SymFET
DFF based on the conventional topology (built by SymFET
Boolean logic gates introduced in [11] and the SymFET latch
in Fig. 6(a)) and MOBILE gate in Section IV-B are shown. As
a comparison, we also include the corresponding values for a
CMOS DFFE. The CMOS data are based on the DFF design
from [24] and implemented in the 90 nm CMOS technology
(ASU predictive technology model [25]). Since we assume
the SymFET device with a 100nm-by-100nm size, we opt to
compare our SymFET designs with 90 nm CMOS technology.
Comparing with 90 nm CMOS technology is also supported
by the fact that the SymFET storage elements are likely to
be used in a mixed-signal environment (per the diffusion
network application discussed in Sec. II-A), where 90 nm
CMOS technology is considered to be an advanced technology
node. As shown in Table II, SymFET MOBILE-based DFF is
slower but consumes less power and area than the CMOS DFF.
The power-area efficiency of SymFET DFF could reach 330X
over CMOS DFF. We should point out that SymFET DFF does
consume higher static power, around one order of magnitude,
but it is more efficient in terms of dynamic energy.

In applications where diffusion networks or other Gaussian-
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TABLE I
PERFORMANCE AND POWER OF LATCHES/MOBILE/DFF

Vop  Vopp Ty Epyn  Pstar Pror
V) V) (ns) (t) (uW) (uW)
Latch 084 121 22 0.67 0.78
Fig.3(a)
Latch 055 0411 037 0.17 021
Fig.6(a)
MOBILE
o 06* 059 034 14/06F 021 034
Fig.8(a)
MOBILE
° 06* 059 023 12/04f 022 0.29
Fig.8(d)

*: high level of CLK. {: from input to output (from CLK to output for
others).

1: depends on capability of C'LK generation circuitry to absorb charge.
Note: All simulations are done with a FO4 inverter as load.

TABLE II
PERFORMANCE AND POWER OF SYMFET DFFs

Voo Vo,pp Ty Pror PDP  Area*
V) ) s @W) () (um?)
Conventional
SymFET 0.6 0.53 1.44 1.97 2.84 0.68
MOBILE .
SymFET 0.6 0.56 1.13 0.54 0.61 0.24
CMOS 1 1 0.21 1.74 0.36 24.9

#: assuming total area (including wirings) is twice the area of transistors
*: high level of CLK.

Note: In SPICE simulation, a 100MHz signal is applied to CLK. All
simulations are done with a FO4 inverter as load.

function type of processing are called for (e.g., many image
processing ones), given the benefit of SymFET based analog
circuits has over CMOS (e.g., those reported in [20]), plus the
efficiency offered by SymFET DFF as the supporting control
module circuitry, SymFET-based systems could offer better
power-area-performance tradeoff than CMOS, if desired delay
is not demanding. Furthermore, such a SymFET-only system
would eliminate the needs for integrating SymFET devices
with CMOS devices.

VI. CONCLUSION

We exploited the unique properties of SymFET devices and
RTD-like I-V behavior to build sequential gates in several
novel topologies. These latches and DFFs are more compact
and more efficient in terms of power consumption and area
compared with CMOS equivalents. Moreover, this work leads
to the possible design of pure-SymFET circuits/applications
wherein sequential gates are necessary such as image pro-
cessing, etc. Though new design methodologies and new
benchmarkings will be worked out as emerging tunneling
devices (not only SymFETSs) continue to evolve and mature
with respects to fabrication, models and device structure, this
work can still provide insights to both device physicists devel-
oping emerging tunneling devices and circuit/system designers
investigating new applications based on post-CMOS devices.

ACKNOWLEDGMENT

This work was supported in part by the Center for Low En-
ergy Systems Technology (LEAST), one of six SRC STARnet

372

centers sponsored by MARCO and DARPA.

REFERENCES

[1] D.E. Nikonov, and I. A. Young, “Overview of beyond-CMOS devices and
a uniform methodology for their benchmarking,” Proc. IEEE, vol. 101,
no. 12, pp. 2498-2533, Dec. 2013.

[2] L. Britnell, ef al., “Resonant tunnelling and negative differential conduc-
tance in graphene transistors,” Nature Comm., 4:1794, pp. 1-5, Apr. 2012.

[3] P. Zhao, R.M. Feenstra, G. Gu and D. Jena, “SymFET: A Proposed
Symmetric Graphene Tunneling Field-Effect Transistor,” IEEE Trans.
Electron Devices, vol. 60, no. 3, pp. 951-957, Mar. 2013.

[4] S.K. Banerjee, L.F Register, E. Tutuc, D. Reddy, A. MacDonald, “Bi-
layer pseudospin field-effect transistor (BiSFET): A proposed new logic
device,” IEEE Electron Device Lett., vol.30, no.2, pp.158-160, Feb. 2009.

[5] Fallahazad, Babak, et al. “Gate-Tunable Resonant Tunneling in Double
Bilayer Graphene Heterostructures,” Nanoletters, 15.1, p. 428433, 2014.

[6] A. Mahmoud, and P. Lugli, “Transport characterization of a gated
molecular device with negative differential resistance,” IEEE Conf. Nan-
otechnology (IEEE-NANO), 2012, pp.1-5.

[7]1 S.J Shin, et al., “Si-based ultrasmall multi-switching single-electron
transistor operating at room-temperature,” Appl. Phys. Lett. , vol. 97,
no. 10, p. 103101, 2010.

[8] D. Reddy, et al., “Bilayer Pseudospin Field-Effect Transistor: Applica-
tions to Boolean Logic,” IEEE Trans. Electron Devices, vol. 57, no. 4,
pp. 755-764, Apr. 2010.

[9] Y. Khatami, J. Kang, K. Banerjee, “Graphene nanoribbon based negative
resistance device for ultra-low voltage digital logic applications,” Appl.
Phys. Lett., vol. 102, no. 4, pp. 043114 1-5, Jan. 2013.

[10] B. Yu, et al., “Leveraging emerging technology for hardware security-
case study on silicon nanowire FETs and graphene SymFET,” IEEE Test
Symposium, Asian (ATS), pp. 342-347, 2014.

[11] B. Sedighi, J. J. Nahas, M. Niemier and X. S. Hu, “Boolean circuit
design using emerging tunneling devices,” IEEE International Conference
on Computer Design (ICCD), 2014, pp. 355-360.

[12] P. Indranil, et al. “Cellular nerual networks for image analysis using
steep slope devices,” IEEE/ACM International Conference on Computer-
Aided Design (ICCAD), 2014, pp. 92-95

[13] Jorge F. B, et al., "FLIP-Q: A QCIF resolution focal-plane array for
low-power image processing,” John Wiley & Sons, IJSSC, vol. 46, no. 3,
pp. 669-680, Mar. 2011.

[14] Jorge F. B, et al., "All-MOS implementation of RC networks for time-
controlled Gaussian spatial filtering,” John Wiley & Sons, IJCTA, vol. 40,
pp. 859-876, Feb. 2011.

[15] K. Maezawa and T. Mizutani, “A new resonant tunneling logic gate
employing monostable-bistable transition,” Jpn. J. Appl. Phys., vol. 32,
pp. L42-44, 1993.

[16] Mishchenko A., et al. “Twist-controlled resonant tunnelling in
graphene/boron nitride/graphene heterostructures,” Nature Nanotechnol-
0gy, 9.10, p. 808-813, 2014.

[17] T. Roy, et al., “Tunneling characteristics in chemical vapor deposited
graphenehexagonal boron nitridegraphene junctions,” Appl. Phys. Lett.,
vol. 104, no. 12, p. 123506, 2014.

[18] R.M. Feenstra, D. Jena, G. Gu, “Single-particle tunneling in doped
graphene-insulator-graphene junctions,” J. Appl. Phys., vol. 111, no. 4,
p. 043711, Apr. 2012.

[19] S.C. de la Barrera, Q. Gao, R.M. Feenstra, “Theory of graphene-
insulator-graphene tunnel junctions,” J. Vac. Sci. Technol. B, vol. 32,
04E101, Jul./Aug. 2014.

[20] B. Sedighi, X. S. Hu, J. J. Nahas, M. Niemier, “Nontraditional compu-
tation using beyond-CMOS tunneling devices,” IEEE Journal, Emerging
and Selected Topics in Circuits and Systems, vol. 4, no. 4. pp 438-449,
Dec.2014.

[21] M A Blount, et al, “Double electron layer tunnelling transistor
(DELTT),” Semiconductor Science and Technology, 13(8A), p. A180,
1998.

[22] P. Mazumder, et al.,“Digital circuit applications of resonant tunneling
devices,” Proc. IEEE, vol. 86, no. 4, pp. 664-686, Apr. 1998.

[23] Taeho Kim, et al. “New RTD-based SET/RESET latch IC for high-
speed MOBILE D-flip flops,” IEEE Proc, Indium Phosphide and Related
Materials Conference, pp. 311-314,2005

[24] Roth Jr. Charles, and Larry Kinney,Fundamentals of logic deisgn.
Cengage Learning, 2013.

[25] R. Vattikonda, et al. “Modeling and minimization of PMOS NBTI
Effect for robust nanometer design,” Proc. ACM Design Automation
Conferefence (DAC), pp. 1047-1052, 2006. [Online] http://ptm.asu.edu/

2016 Design, Automation & Test in Europe Conference & Exhibition (DATE)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


