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ABSTRACT
Several emerging reconfigurable technologies have been explored
in recent years offering device level runtime reconfigurability. These
technologies offer the freedom to choose between p- and n-type
functionality from a single transistor. In order to optimally utilize
the feature-sets of these technologies, circuit designs and storage
elements require novel design to complement the existing and fu-
ture electronic requirements. An important aspect to sustain such
endeavors is to supplement the existing design flow from the de-
vice level to the circuit level. This should be backed by a thorough
evaluation so as to ascertain the feasibility of such explorations. Ad-
ditionally, since these technologies offer runtime reconfigurability
and often encapsulate more than one functions, hardware secu-
rity features like polymorphic logic gates and on-chip key storage
come naturally cheap with circuits based on these reconfigurable
technologies. This paper presents innovative approaches devised
for circuit designs harnessing the reconfigurable features of these
nanotechnologies. New circuit design paradigms based on these
nano devices will be discussed to brainstorm on exciting avenues
for novel computing elements.
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1 INTRODUCTION
Runtime-reconfigurable emerging devices show symmetrical p- and
n-type functionality at the transistor level just by applying different
biases at the gate terminals. Several devices below 45 nm exhibit this
ambipolarity. Reconfigurable technology is demonstrated by tran-
sistors made with materials like silicon nanowires [19, 31], carbon
nanotubes [29], graphene nanoribbons [17], and even 2-D materials
such as tungsten diselenide (WSe2) [47]. Reconfigurable transistors
based circuits and systems are a potential solution to complement
the existing CMOS technology for fulfilling the requirements of
future electronics.

While CMOS scaling has promised higher performance and
smaller area from last few decades, the reconfigurable behavior
shown by these technologies can enable the circuit designers to
pack more functions per computational unit. This leads to reduced
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delay (smaller critical paths [43]), area [56], and overall energy-
delay-product [48] for the entire circuit.

Efficient design flow is imperative to make use of these function-
ally enhanced transistors for larger circuits. Recently, majority logic
was proposed as the natural abstraction for newer nanotechnology
and this forms the basis for new majority inverter graph (MIG)
synthesis flow [3]. An area optimizing technology mapping flow
exploiting functionally enhanced logic gates [56] was proposed
in [41]. The authors incorporated inverter minimization to have
more area savings specially designed for silicon nanowires FETs-
based logic gates. Apart from logic synthesis flow, a crucial aspect is
to devise physical synthesis flows which can evaluate the promise
which newer nanotechnologies hold, on larger benchmarks. An
early evaluation has been carried out in [42] for silicon nanowire
reconfigurable FETs based circuits. Such evaluation is necessary
to extrapolate how a lab-level research technology competes with
CMOS for larger and more complex circuits.

Apart from processing elements like adders which have been
shown to exploit features of these re-configurable devices [43, 2],
memories also form a critical component. The emergence of new
devices and technology enables blurring the gap between memory
and logic functionality. Technology support enables configuring
the accessing mechanism of a memory either using an address
(random access of data) or using a value (CAM). 3D integration
process coupled with biasing schemes enhance thememory stability
through dynamic assist mechanisms. Emerging nonvolatile memory
cells provide the ability to trade-off metrics such as retention-times
for factors such as power and access latency. In addition, novel cell
structures allow one to incorporate computation at the bit-level,
row-level or bank-level.

Another major application in which the reconfigurable devices
fit in as a suitable candidate is Hardware security owing to their
runtime reconfigurability and symmetrical I-V characteristics at
the transistor level. Hardware security concerns such as intellec-
tual property (IP) piracy and hardware Trojans have triggered re-
search into circuit protection and malicious logic detection from
various design perspectives. Since these reconfigurable nanotech-
nologies encapsulate multiple functionalities due to ambiploarity
and tunable hysteresis, security functions such as logic encryption,
camouflaging, resistance from side-channel attacks come naturally
cheap [5].

The paper is organized as follows. Section 2 provides details
about the various emerging reconfigurable nanotechnologies which
are being actively researched. This is followed by Section 3 which
lists the challenges being faced by emerging nanotechnology. Sec-
tion 4 gives details about the recent advancement in the field of
electronic design automation (EDA). Section 5 and 6 presents the
memory and security applications in which these reconfigurable
technology can suitably fit.

2 RECONFIGURABLE NANOTECHNOLOGIES
As CMOS reaches its scaling limits, the imperative pursuit for nan-
otechnology replacements is under way. While many potential
substitute devices exist, the primary requirement for such devices
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Figure 1: (a) Conceptual sketch of a vertically-stacked nanowire
TIGFET. (b) SEM image of the fabricated device. (c) Conceptual band
diagrams of the device. (d) TCAD simulated 15-nm TIG NWFET
demonstrating a current density of 0.66 mA/ � m.

is that they be pragmatic in a fabrication scheme that is still CMOS-
driven. Industry will exclusively consider the development of sys-
tems compatible with the existing CMOS �ow. Device level innova-
tions such as novel geometries and materials introduce improved
logic devices [28, 37] which include carbon nanotubes [14], 2D
materials (e.g., graphene [38], molybdenum disul�de (MoS2) [40])
or exploit new physics, such as spintronics [59].

While the conventional drive has been the improvement of in-
dependent device performance and size reduction, another viable
option, and the interest of this study, is that of enhancing sys-
tem functionality. This objective is realized through the idea of a
recon�gurable transistor. Recon�gurability is the capability of a
transistor to switch fromp-channel ton-channel behavior through
the application of a signal to an additional gate. UsingRecon�g-
urable Field E�ect Transistors(RFETs) allows for the development
of more complex systems with fewer devices [34].

2.1 Silicon Nanowire Recon�gurable
Transistors

The nanowire RFET requires no doping and can be fabricated con-
currently to existing technologies in a CMOS fabrication facility.
In recent years the use of multiple independent gates (MIGs) to
connect FETs in series in a single device has been considered, as
seen in [18, 19, 34], allowing for the elimination of interconnect
e�ects. The MIG RFET also provides a wired-AND function to be
used in many-input combinational circuits instead of the conven-
tional XOR logic which is useful for transistor-level recon�guration.
These devices were originally made from silicon, though germa-
nium has been used most recently with noticeable improvements;
several types of RFETs are discussed in [18, 19, 34].

In the interest of developing high-energy-e�ciency comput-
ing systems, a promising embodiment of RFET called the Three-
Independent-Gate Field E�ect Transistor (TIGFET) is considered an
e�ective contemporary solution. TIGFETs have the ability to build
compact logic gates that, once used in complex circuits, reduce
interconnect parasitics signi�cantly, shifting the technology nodes
from interconnect-dominated back to gate-dominated. TIGFETs are

capable of three modes of operation: (i) the dynamic recon�guration
of the device polarity [32]; (ii) the dynamic control of the threshold
voltage [64]; and (iii) the dynamic control of the subthreshold slope
beyond the thermal limit [65].

A TIGFET consists of a semi-conducting channel, metallic source/
drain contacts and three gate electrodes: ThePolarity Gate at Source
(PGS) and thePolarity Gate at Drain(PGD ) modulate the Schottky
barriers at source and drain; TheControl Gate(CG) controls the
potential barrier in the channel and turns the device on or o�.

Figure 1-a shows a typical TIGFET design using vertically-stacked
silicon nanowires as the channel, and Figure 1-b shows the corre-
sponding fabricated device as seen top-down by aScanning Electron
Microscope(SEM) image. Nickel silicide (NiSi) was used on the
source and drain pillars to create mid-gap Schottky barriers. Full
details about device fabrication can be found in [32, 64, 65]. The
control of carrier injection at the Schottky barriers by the PGS
and PGD gate terminals gives a lever to determine the operation
modes of the device. Figure 1-c presents a conceptual band diagram,
when PGS and PGD are controlled by the same potential. A positive
PGS•D bias enables electron conduction at the source and drain
Schottky barriers, setting the device polarity ton-type, while a
low PGS/PGD bias leads to hole conduction and results inp-type
behavior, giving rise to the dynamic control of the device polarity.
This property has been extensively demonstrated experimentally
in [32, 30] and further studied using Sentaurus TCAD at the 15-nm
technology node, as reported in Figure 1-d.

A single silicon nanowire TIGFET can deliver a current of 16.6
� A, achieving a current density of 0.66 mA/� m. This value, already
competitive with FinFET devices [36], can be further improved by
using the vertically-stacked nanowire structure [32, 64] to reach
current densities larger than the targeted 1mA/� m. When the two
PG terminals are biased separately, the independent Schottky bias-
ing facilitates the simultaneous disconnect of carrier injections at
both source and drain terminals, leading to a dual-VT behavior and
ultra-low-leakage states [64]. Remarkably, the two VT con�gura-
tions share the sameonstate, reducing current drive degradation,
a property not achievable with conventional MOSFETs. Full char-
acterization of the dual-VT capabilities can be found in [64].

Another appeal of TIGFETs is their ability to operate as Super-
Steep-Subthreshold-Slope FETs (S4-FETs). This occurs when a pos-
itive bias potential VPGS•D is applied, creating a potential well
under the gate and causing a noticeable steep-slope behavior, as
seen in [65, 66]. This works as follows: When electrons acquire su�-
cient energy, weak impact ionization is triggered and electron/hole
pairs are generated. The generated holes accumulate in the po-
tential well under the gate. This lowers the barrier and provides
more electrons for impact ionization, thus establishing a positive
feedback. During the transition, the energy band in the PG regions
is lowered, maintaining the potential well for the accumulation and
improving the average subthreshold slope over the subthreshold
region. Due to the weak impact ionization only occurring during
transition, the device reliability is not reduced as occurs in other
impact ionization devices [65]. Reports of then-type characteristics
of a silicon �n-based TIGFET at room temperature and operated
in S4-FET mode are seen in [65]. A minimum subthreshold slope
of 3.4 mV/dec is achieved, while an average subthreshold slope of
6.0 mV/dec is observed for 5 decades of current. Completen-type
andp-type characteristics at both room and low temperatures are
available in [65, 66].

2.2 2D Recon�gurable Transistors
Alternative channel materials are used in RFETs to allow for im-
proved device-level optimizations. RFETs using graphene p-n junc-
tions have been demonstrated in [54] as early as 2010. The switching
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Figure 2: Experimental demonstration of a WSe2 TIGFET [47]. (a)
AFM topography image of the experimental device, recolored to
highlight the device structure. (b-c) p-type (n-type) transfer char-
acteristics obtained for a negative (positive) bias on PG.

in the graphene-based logic was accomplished through the use of
co-planar split gates, similar to the control gates in TIGFETs. The
primary bene�t of these devices was that they were fabricated
on a large graphene sheet with minimal patterning and thus are
extremely compatible with CMOS fabrication schemes. [54] An-
other channel material used in alternative RFETs is molybdenum
ditelluride (MoTe2), as seen in [35]. In this study the transistor po-
larity was controlled by dual top gates where one gate determined
the transistor polarity and the other directly in�uenced the drain
current [35]. Tungsten diselenide (WSe2) is the only 2D-transition
metal dichalcogenide (TMD) for which a stable complementary tech-
nology has been demonstrated to date [63] and so is arguably the
most promising candidate for the realization of high-performance
TIGFET devices and circuits. Polarity-control has recently been
demonstrated in TIGFETs with WSe2 channels in [47]. The fabri-
cated device, shown in Figure 2, was realized using mechanically
exfoliated multilayer WSe2 (7.5 nm thick), that was transferred and
aligned on a wafer where buried metal lines were used as polarity
gates and the silicon substrate as control gate. The metal contacts
(Ti/Pd) were evaporated and provided a band-alignment suitable for
the injection of both charge carriers. When using the two gates in-
dependently, the transistor polarity could be dynamically changed
by the polarity gates, while the control gate controlled the on/o�
status of the device (Figure 2-bc). The experimental transfer charac-
teristics measured showed a p-type behavior for VPG <-6V, while
n-type conduction properties are shown for VPG >4V on the same
device. Ion / Iof f ratios of 107 and 106 were achieved forn-type
andp-type operation respectively.

2.3 Ferroelectric FETs
Newer materials have found a lot of applications in memory tech-
nologies. Ferroelectric FETs (FeFET) are one of the newer nanaotech-
nologies that have found extensive use in such applications. It
boasts of a non-volatile element with on-demand backup/restore
(B/R) features. It is a three-terminal device that integrates the fer-
roelectric (FE) in the gate stack of a transistor above the dielectric
(DE) providing a unique feature for the device to serve as a logic
or memory element. The capacitance of FE couples with that of
the underlying FET leading to unique characteristics: FeFET ex-
hibit hysteresis behavior when the absolute value of the negative
ferroelectric capacitance is smaller than the capacitance of the un-
derlying MOSFET gate. This unique characteristic enables a FeFET
as both a non-volatile storage element and a switch.

3 CHALLENGES FOR THESE EMERGING
TECHNOLOGIES

Various newer recon�gurable nanotechnologies have been intro-
duced in the previous section. While most of the devices are di�er-
ent structurally, at the logical abstraction they all exhibit dynamic

Figure 3: Proposed Layout for recon�gurable MINORITY

recon�gurable nature. However, in order to bring them to the main-
stream electronics and to push them for commercial use, following
challenges have to be addressed:

� Compatibility with the existing CMOS �ow as it is easier for
the industry to adopt them.

� Early evaluation of the circuit is required in order to be able
to assess the bene�ts and associated costs. A �ow is needed
that goes all the way down to the layout.

� A design �ow is needed that is able to provide feedback to
the transistor designers when the devices are used at the
system level.

� Novel properties need to be exploited in the design �ow.
Without that the bene�ts remain small.

� Foresee how the unique properties of these technologies can
be applied to common and known problems and �nd out the
solutions using intelligent and intuitive designs.

4 ENABLING EDA FOR EMERGING
TECHNOLOGIES

An e�cient electronic design automation (EDA) �ow speci�c to
newer nanotechnologies is extremely important as it enables the
adoption of a nanotechnology from a lab level research to industrial
adoption. It should be comapatible to the existing CMOS �ow and
be able to harness the true potential of these technologies. This
section focusses on recent advances in EDA �ow for emerging
nanotechnology

4.1 Design Flow for early evaluation of silicon
nanowire based recon�gurable FETs

Silicon Nanowire (SiNW) based recon�gurable Field e�ect tran-
sistors (RFETs) are one of the emerging nanotechnologies which
has garnered a lot of research in recent years. They are one of the
earliest nanotechnologies to demonstrate runtime recon�gurability.
For the complete design �ow on silicon nanowires based RFETs,
an SOI based 22 nm technology to pattern the minimal width of
individual nanowire ribbons and to de�ne the half pitch between
parallel arranged nanowires was used.

4.1.1 Table Model for Silicon Nanowire RFETs . The inter-
nal structure and material properties of the SiNW transistor is
modelled in a TCAD simulator. In early evaluation stages a more
simple table model o�ers a good compromise to link transistor
design to electrical simulators. Therefore, we exported a table of
current, voltage, and capacitances based on DC simulations inside
the TCAD environment. For the electrical transistor model, this
table is read inside a Verilog-A module. The parasitic capacitances
for a typical transistor structure, upto Metal1, have been included
in this model. For library characterization, Synopsys SiliconSmart
is used which integrates all required functionality if a cell netlist
and transistor model �les are provided. While these simulations
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