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ABSTRACT

The review of this paper was arranged by
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The reconfigurable field-effect transistor (RFET), is an electronic device whose conduction mechanism can be reversibly reconfigured between n-type and p-type operation modes. To enable this functionality, those devices do
not rely on chemical doping caused by impurities but rather on electrostatic doping, i.e. the generation of mobile
carriers via an external potential. This functionality has been first concieved in the early 2000s to reduce the
source-drain leakage in ambipolar thin film transistors. Over the years many different concepts have been developed employing different conduction mechanisms as well as channel materials, such as silicon nanowire, carbon
nanotubes or two-dimensional layered materials. In addition the focus the research shifted more and more towards the circuit level, bringing the unique device characteristics to fruitation. In this work, we will give an historic expert of the main development phases including thier key-achievements starting from the earlier years
reaching untill today. Further, we give an overview of the most interesting circuit properties arising from the device functionality and summarize the broad range of thier potential future applications.
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1. Introduction
The reconfigurable field-effect transistor (RFET), is an electronic device whose conduction mechanism can be reversibly reconfigured between n-type and p-type operation modes. To enable this functionality,
those devices do not rely on chemical doping caused by impurities but
rather on electrostatic doping, i.e. the generation of mobile carriers via
an external potential. Depending on the bias, either electrons or holes
are injected into a nominally intrinsic semiconductor. Devices based on
this concept have been reported under a variety of names, such as polarity control, dually active channels, charge plasma, Schottky barrier
biasing or, field-induced drain extension. Regardless of the name, all
devices have in common, that they are composed of at least two independently controlled gate electrodes that electrostatically dope the
channel. One, the so-called polarity gate (or program gate, PG) controls
the kind of carrier or transport mode, while the control gate (CG)
switches the transistor on and off (Fig. 1). The programming thereby
can be done statically or dynamically at runtime. In comparison, a classical FET is fixed to either n-type or p-type operation by the underlying
⁎

fabrication process. This transistor-level reconfigurability has the potential to overcome some of the fundamental limitations of conventional CMOS technologies. The functionality of two devices combined
into one leads to a higher level of logic expressiveness, which reduces
the costs per basic implemented logic unit. This way reconfigurable
transistors can serve as an add-on functionality to increase the versatility of electronics systems without the need for additional scaling. In this
work, we will review the history of the last 20 years of RFET development as well as summarize the broad range of their potential future applications.
2. History
2.1. Early phase (2000–2008)
The roots of RFETs go back to the early 2000s when researchers
from Taiwan’s National Nano Device Laboratories and Institute of Electronics, National Chiao Tung University searched for a way to suppress
the undesired high off-state currents in ambipolar Schotty Barrier Thin
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Film Transistors (TFTs). The solution they came up with was to create a
device with two gates [1]: one, the control gate, is placed to directly
gate the source-sided Schottky junction. This gate and the drain-sided
Schottky junction are then covered by a thick oxide. On top of this, a
sub gate (which today we would call polarity gate) is placed that covers
the complete transistor. By this sub-gate, the undesired carrier injection
from the drain-side in the off-state could be lowered by more than three
orders of magnitude which resulted in on/off current-ratios as high as
106. While this first device was based on TFT technology with polycrystalline silicon [2], a later implementation was based on SIMOX wafers
with monocrystalline silicon [3]. This device had an improved architecture achieving max–min current ratios up to 109 and subthreshold
swings down to 61 mV/dec, but still needed a program voltage significantly higher than the operation voltage. Even though these early reconfigurable FETs have been demonstrated for the first time, due to the
very special target application the potential of the technology has not
been recognized in the scientific community.
The concept was brought back to attention a couple of years later.
Due to the continued scaling of device sizes according to Moore‘s Law,
the stable and reliable operation of MOSFETs has been challenged by
the nanoscale device dimensions. Doping by incorporation of chemical
impurities became increasingly difficult for ultra-scaled technology
nodes because of the increasing impact of dopant fluctuations and
dopant deactivation in nanoscale channels [4,5]. As opposed to this, devices facilitating electrostatic doping promised potentially ultra-sharp
junctions with well-controlled carrier concentration profiles and re-

duced defect density [6]. A team from IBM T.J. Watson Research Center
realized a reconfigurable FET based on a carbon nanotube as channel
material, having a single control gate at the top and a polarity gate covering the whole channel from the backside [7]. The program gate voltage is applied simultaneously at both Schottky junctions. Depending on
the sign of the applied voltage, the polarity is set by bending the bands
in the semiconducting channel region; a positive (negative) voltage allow the injection of electrons (holes) from both contacts into the entire
channel. The top control gate modulates an additional thermionic energy barrier in the center of the channel switching the transistor on and
off. Since the carriers are already injected through the Schottky barrier
when the control gates operate, the device can achieve an ideal slope of
60 mV/dec at room temperature. Interestingly, the same structure can
be also employed for a competing concept called ambipolar operation
with selective carrier control [8,9]. In this case, the back gate is operated as a control gate injecting both types of carriers into the channel
depending on the applied voltage range. Thus the buried control gate
provides an ambipolar behavior when used to steer the channel. The
polarity gate placed at the top blocks the undesired charge carrier from
passing through the whole channel. In 2008 this concept was improved
by a team from Infineon around W.M. Weber, by exploiting a
NiSi2/Si/NiSi2 heterostructure with thermally intruded silicide contacts
[10]. This way a gate aligning directly at the drain-sided barrier was
used to block the un-desired carrier type [11]. The concept typically exhibits a higher subthreshold slope but a lower source-drain leakage. Until today, all Schottky barrier-based RFETs still rely on either of the two
programming mechanisms (Fig. 2), or a combination of both. Also note,
that there are other reconfigurable device concepts based on band-toband tunneling, single-electron, or spin transport, which are beyond the
scope of this work.
2.2. Device outgrowth and first logic gates (2009–2013)
Following and improving the two basic mechanisms proposed, research groups have been focused on 1-dimensional nanostructures, predominantly silicon nanowires [12–16] in the following years. The name
“Reconfigurable Field Effect Transistor” itself was first introduced by
Heinzig et al. from NaMLab in 2012 [12], for an improved demonstrator of the concept with independent control of carrier injection (Fig. 2
(b)). The device was refined just one year later, showing perfect symmetry between n-type and p-type currents [16] which is a prerequisite
for the efficient use of reconfigurability in CMOS-like circuits. This was
achieved by employing oxidation-induced mechanical stress into the

Fig. 1. Schematic representation of RFET operation, a) generic symbol b)
generic characteristics. Depending on the applied signal at the polarity gate
(PG) either n-type or p-type characteristics are achieved when the device is
steered at the control gate (CG).

Fig. 2. Main concepts to enable reconfigurability on a Schottky barrier FET. (a) Polarity control at both barriers and transport over a thermionic barrier in the
center of the channel. (b) Control of carrier injection directly at the source-sided Schottky junction and blocking of the undesired carrier type at drain.
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3. Towards future applications

channel [17], enabling an operation with only two distinctive potentials VDD and ground. The operation was verified by demonstrating the
first reconfigurable complementary inverter circuit [16]. In 2012 a research group at EPFL has shown that a three gated device with the two
outer gates overlapping the Schottky junctions largely improves the
concept of back-gate programming, lowering the programming voltage
and simplifying process integration [13].
Simultaneously with these more sophisticated device demonstrators, the development of the first logic gates exploiting the reconfigurability started. In this regard, two major design paradigms can be distinguished in the literature at the logic optimization level to achieve more
functionality per computational unit – implicit and explicit reconfigurability [18]. Explicit reconfigurability is realized in those circuits which
can alter the functionality by an external signal on request. Here, a simple example is a NAND gate, which can be dynamically reprogrammed
to NOR functionality when built from RFETs [19]. In contrast, implicit
reconfigurability can be used in logic gates where a particular combination of inputs results in an electrical scenario that yields a truth table
with a higher expressive capability. For example, exploiting three-gated
RFETs compact realizations of XOR and MAJ can be built using a lower
number of transistors than in classical CMOS [13].

Several circuit level features have been demonstrated for RFETs,
which provide an added benefit over their CMOS counterparts: dynamic reconfiguration [19,34], intrinsic XOR [35] and wired-AND capabilities [30], control of threshold voltage [29], and suppression of
parasitic charge sharing effects in dynamic logic gates [36,37]. Pioneering studies have proven, that this higher expressive capability of RFETs
yields an added benefit on the circuit level, rather than the device level
itself. In the predictive PDK by Gore et al. [38] 42% of area savings over
a 10 nm FinFET process have been predicted for a 1-bit full adder design, despite the larger individual transistor size. Similarly, Raitza et al.
[39] have predicted a 25% gain in critical path delay of a 16-bit conditional carry adder by reducing the number of stages and making efficient use of reconfiguration. Reconfigurable transistor concepts have
also been proposed for the co-integration of several add-on functionalities into classical CMOS, which goes beyond general computing purposes. The polymorphic nature of RFET circuits enables new approaches on hardware security solutions, such as logic locking, camouflaging, physically unclonable functions (PUFs), or chip authentication
[27,40–45]. RFET-based XOR cells and flip-flops are less prone to delay-side-channel attacks than their CMOS counterpart [45]. Beyond
that, the reconfigurable nature holds a lot of promises also for analog
and mixed-signal designs [46,47], cryo-CMOS [48] as well as new operation schemes, such as asynchronous or neuromorphic computing [43].
One particular path to pursue in this regard is the very efficient XOR
and XNOR implementation enabled by the RFET base technology which
is suitable for the application in binary neuronal networks [49]. Also,
synaptic cells for emulating spike-time-dependent behavior have been
proposed [50].
To enable a sufficient circuit design for all of these applications, a
crucial aspect is the development of accurate models and overall support of the electronic design automation. Efficient compact models
have to be developed reflecting the physics of the device [38,51,52],
which is distinctively different than that of classical MOSFETs. Standard cell libraries have to be derived giving credit to the higher expressive capability of the RFET technology [53–56]. At the logic synthesis
level, new data structures are needed to yield the full potential of these
features [57]. For example, it has been shown that self-dual logic gates
based on RFETs are a better choice for standard cells as they are more
efficiently implemented with reconfigurable technology [58]. The same
is true for the technology mapping stage [18], as well as physical synthesis flows. In 2018 a first complete physical synthesis flow for emerging reconfigurable nano-technologies using open-source tools was
made available [55] to foster future circuit design activities.

2.3. Functional diversification (2014–2020)
After the first demonstration of device and logic gate features research activities went into a rapid growth (Fig. 3). The devices started
to diversify in terms of material and transport physics. At first silicon
nanowires have been replaced by more industry-oriented platforms,
like FinFETs [20] or planar SOI-based FETs [21]. Low-bandgap materials like germanium have been shown to increase the performance and
lower the threshold voltages [22]. On the other hand, also 2dimensional layered systems, like graphene [23], transition-metal
dichalcogenides, e.g. WSe2 [24] or MoTe2 [25,26], and black phosphorous [27] have been put into the focus. Concepts with only one [28], as
well as, three [29] or four [30] independent gates have been shown.
The concept of polarity-control has been extended to mode control
[31], e.g. by exploiting the differences in threshold voltages of threeindependent-gate devices. Impact ionization in combination with a positive feedback effect has been demonstrated as an option to yield steep
subthreshold slopes down to 6 mV/dec [20]. Also, add-on features like
non-volatile storage of the polarity program have been demon-strated
[32,33] These features will further enrich the possibilities of circuit designers employing RFETs.

4. Conclusion
In this work, we have given an overview of the development of reconfigurable field-effect transistors based on electrostatic doping. Key
achievements over the past 20 years have been summarized. Finally, a
view on potential future applications and development tasks has been
presented.
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Fig. 3. RFET device development over time. Number of publications represent
published RFET device concepts over time as of the internal database of the authors. Key developments are indicated.
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