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Abstract—Three-Independent-Gate FET (TIGFET) technology
is one of the most promising candidates to succeed CMOS
and FinFET technologies due to its low off-current, compact
surface area, reconfigurable logic, and CMOS compatibility. In
this paper, we present an open-source standard cell library based
on silicon nano-wire TIGFETs, which enables efficient implemen-
tation of novel XOR-and-majority-based circuit designs. We also
discuss logic synthesis methods tailored to take advantage of
TIGFET capabilities to allow their potential to be realized at the
system level. By combining the 10 nm TIGFET technology with a
mixed logic synthesis tool, the PicoRV core design shows a 2.3×
lower area and a 5.7× lower energy consumption, compared to
an equivalent low-power 12 nm FinFET implementation.

Index Terms—Three-Independent-Gate FET, FinFET, XOR-
Majority Graph, Logic Synthesis, Standard Cell.

I. INTRODUCTION

For the past 50 years, the scaling of technology nodes
has led to higher transistor density along with lower latency
and power. However, this trend is slowing down due to
physical limitations [1], primarily driven by leakage power and
reaching the minimum threshold voltage, resulting in the end
of Dennard’s law and what is known as the ”power wall” [2].
To overcome this limitation, new technologies are being ex-
plored. One promising technology is Reconfigurable Field-
Effect Transistors (RFETs), which have the ability to alternate
between n- and p-type after fabrication. Compared to CMOS
and FinFET technology, the channel is replaced by silicon
nanowires (SiNW) or similar gate-all-around topologies [3].
This structure gives several advantages, including low power
consumption and reduced surface area. Of particular interest
are the opportunities for novel circuits implemented using
the reconfiguration of these transistors. One type of RFET,
the Three-Independent-Gate Field-Effect Transistor (TIGFET)
has demonstrated functionality at the transistor level to enable
highly efficient 3-to-1 XOR and Majority (MAJ) logic gate
structures [4], [5]. These gates are of particular interest for
arithmetic circuits, as they implement the sum and carry
operation respectively [4].

The adoption of reconfigurable logic requires Electronic
Design Automation (EDA) synthesis tools to also adopt new
techniques to fully exploit the new capabilities. Current EDA
synthesis research has focused on the And-Inverter-Graph
(AIG), which represents logic as a directed acyclic graph
using only AND gates and inverter connections [6]. While the
AIG is functionally complete, the addition of MAJ3 and XOR
gates increases the capability of natively representing the full

Fig. 1. (a) Conceptual sketch of a vertically-stacked nanowire TIGFET.
(b) Scanning Electron Microscope (SEM) image of the fabricated device [12].

range of circuits. Recent works [7] [8] [9] aim at exploring
different strategies based on Majority-Inverter Graph (MIG),
XOR-AND-Inverter Graph (XAG), and XOR-Majority-Inverter
Graph (XMG) schemes. The use of these strategies directly
supports the capabilities of TIGFET technology [10].

In this paper, we propose for the first time an open-source
standard cell library using the 10 nm TIGFET technology
node, featuring a full set of logic gates characterized for
multiple stacked nanowires [11]. Using mixed logic synthesis
software enabling the new XMG strategy, we show at circuit-
level the advantage that only TIGFET structure functionality
offer for XOR and MAJ functions. We evaluate the Power,
Performance and Area (PPA) trade-offs of TIGFET technology
compared to a 12 nm FinFET low-power technology, using
standard combinational and sequential benchmarks, as well as
a production RISC-V core.

The remainder of this paper is organized as follows: Sec-
tion II introduces the unique TIGFET technology features,
Section III details the standard cell integration methodology,
Section IV discusses the mixed logic synthesis strategies, Sec-
tion V presents results from synthesizing a set of benchmark
circuits, and finally, Section VI concludes the paper.

II. TIGFET DEVICES

TIGFETs are made up of vertically stacked Silicon Nano-
wires (SiNW) surrounded by gate oxide acting as a semi-
conducting channel, metallic source/drain contacts and three
independent gate electrodes: the Polarity Gate at Source
(PGS), the Polarity Gate at Drain (PGD) and the Control Gate
(CG), as presented in Fig. 1. The CG controls the potential
barrier in the channel the same way as the gate of a conven-
tional MOSFET and turns the device on or off. However, the



metal-semiconductor-metal structure forms Schottky barriers
at the source and drain junctions, which PGS, PGD gates are
capable to modulate these Schottky barriers [3]. Hence, these
gates determining which carriers will enter the channel and
control the current flow, enabling the device reconfigurability
in terms of: (1) polarity, to switch between n-type or p-
type dominance in the channel, and (2) threshold voltage, to
achieve extremely low leakage current thanks to the Schottky
barrier cut-off [13]. Gate-All-Around (GAA) structures in
SiNW transistors give the ideal shape for effective electrostatic
control and a favorable rise in ION/IOFF [14]. These devices
have been successfully fabricated for various geometry, with a
single silicon nanowire [15], [16] and multiple stacked silicon
nanowires [3].
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Fig. 2. (a) Symbol representation of a TIGFET device, (b) a three-input
TIGFET XOR gate, and (c) a three-input TIGFET MAJ gate.

By changing the carrier dominance in the channel, a single
TIGFET can reproduce a series of two transistors (where PGS-
PGD and CG are control gates) providing the ability to im-
plement compact logic gates. This device-level configurability
gives the most benefit to: a 3-to-1 XOR gate (XOR3) and a
Majority gate (MAJ3), only using four TIGFETs [13], [16],
[17], as illustrated in Fig. 2. Moreover, this technology is
capable of implementing a variety of compact logic gates,
such as combinational logic cells (INV, NAND, NOR, XOR,
XNOR) [18], sequential flip-flops (FF) [19], and 2-to-1 low-
power multiplexer (MUX) [20]. Compact AND-OR-INVERT
(AOI) gates can be achieved: a 2-1 AOI gate is implemented
with four TIGFETs [21], and a 2-2 AOI gate with six
TIGFETs [22]. TIGFETs have also been demonstrated as a
high performance cells for resistive memory [23], in security
systems for logic locking [24], and for arithmetic ripple-carry
adder [5].

III. TIGFET STANDARD CELL CHARACTERIZATION

To evaluate TIGFET and FinFET technologies using com-
mercial or open-source synthesis tools, we follow a Design
to Technology Co-Optimization (DTCO) methodology [25], as
proposed in Fig. 3. It aims to reduce the cost and time-to-
market in the development of advanced technologies to circuit
level by integrating premature physical model of transistors
into standard cell structures, thus compatible with a conven-
tional digital design flow. This methodology is split into three
parts: (1) the modeling of the TIGFET device considering
its physical dimensions, (2) the extraction of the wiring’s
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Fig. 3. Proposed mixed-design synthesis flow to evaluate 10 nm TIGFET and
12 nm FinFET technology nodes. TIGFET standard cells are characterized
and mapped in a Liberty (.lib) database for analog-digital compatibility.

parasitics and area for each standard cell, (3) the evaluation of
circuit performance according to their Register-Transfer Level
(RTL) description, using AIG and XMG synthesis strategies.

A. Intrinsic Transistor Models

The TIGFET physics model is calibrated with Technology
Computer-Aided Design (TCAD) Synopsys Sentaurus simu-
lations [13], which provides ID-VGS curves stored in look-
up tables (LUTs) at the operation voltage of VDD=0.7 V,
while the transient behavior depending on the device geometry
are extracted from multi-physic simulations [26]. To enable
circuit-level simulations, these model are written in Verilog-A
and SPICE netlists, for intrinsic electrical properties and
parasitic capacitance models, respectively.

B. Standard Cell Layout Optimizations

We implement the layouts of combinational (AND, AOI,
INV, MAJ, MUX, NAND, NOR, OAI, OR, XNOR, XOR)
and sequential (DFF) standard cells using Cadence Virtuoso,

Fig. 4. Layout of the 10 nm TIGFET MAJ3 cell with 12 stacked nanowires.



as shown is Fig. 4. All layouts ensure correct cell spacing
according to the Design Rule Check (DRC) and Layout
Versus Schematic (LVS) rules defined by the 10 nm TIGFET
predictive Process Design Kit (PDK) [5], and metal wire
spacing of the Back-End Of Line (BEOL) according to the
DRC of the FreePDK15nm [27]. Hence, metal layer parasitics
are extracted (PEX) for each cell using Cadence Calibre, in
order to increase the transient behavior reliability. Another
advantage of the TIGFET layout is its symmetric logic cells
that enable layout regularity. This in turn facilitates the design
of an efficient regular layout tile, which we use to create circuit
layout using a Sea-of-Tiles (SoT) design methodology [28].
This regularity provides the ability to optimize area, which
translates into energy savings.

C. Logic Synthesis Integration

To ensure seamless integration with commercial and open-
source synthesis tools, all proposed logic gates are charac-
terized using Cadence Liberate, which generate the standard
cell library in a Liberty (.lib) format, freely available in [11].
Benchmark circuits are synthesized and technology mapped
using open-source Yosys [29] and LSOracle [30] tools. Finally,
the PPA are evaluated for various number of nano-wires using
static analysis in OpenSTA, as discussed in Sec. V.

IV. XOR-MAJORITY GRAPH STRATEGY

The most well known representation for logic synthesis is
the AND-Inverter Graph (AIG), which are Directed Acycli-
cal Graphs (DAG) where each node represents the AND2
function, and edges represent fan-in and fan-out connections,
which may be inverted. While an AIG is capable of represent-
ing any possible logical circuit, not all structures are easily
represented. Of particular concern is the XOR gate, which
can be represented by a minimum of four NAND gates. XOR
typically represent the largest simple gate a technology node
must implement, and are expensive in CMOS: in the GF12
technology the minimum voltage XOR2 gate has 3.5× the
area and 6.6× the worst case leakage power compared to the
minimum voltage inverter.

Beyond simple gates, a complete full adder can be repre-
sented by a minimum of nine NAND gates. The additional
of more complex gates greatly simplifies the implementation.
The XOR3 or parity function A⊕B⊕C implements the sum
function in a full adder, and the majority-of-three (MAJ3)
function (A ∧ B) ∨ (B ∧ C) ∨ (A ∧ C) implements the
carry operation [4]. The addition of these gates forms the
Majority-Inverter Graph (MIG), XOR-AND-Inverter Graph
(XAG), and XOR-Majority-Inverter Graph (XMG). In addition
to native representation, these DAGs also allow additional
optimization techniques [7]. XAGs have been used to reduce
the multiplicative complexity for security applications [31].

V. BENCHMARK RESULTS

We evaluated the PPA of the 10 nm TIGFET technology
node using a set of standard benchmark circuits. Results for
the TIGFET node were compared with the GlobalFoundries
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Fig. 5. Performance gains of the PicoRV32 circuit, synthesized with 10 nm
TIGFET technology node for various stacked silicon-nanowires, normalized
in comparison to a 12 nm FinFET implementation (using only AIG strategy).

(GF) 12 nm FinFET technology node. Benchmarks used were
from the ISCAS’85 and EPFL’15 benchmarks [32], as well
as PicoRV32 [33], a small RISC-V core. Benchmarks in the
suites with less than 100 nodes were not considered to ensure
sufficient complexity. Benchmarks with more than 25,000
nodes were also not considered due to runtimes.

A. Effect of the number of nanowires

The maximum number of vertically stacked nanowires is
limited to four, in order to maintain an acceptable form factor
of the pillars (Source/Drain pillars in Fig. 1). Thus, NW=1
and NW=4 cells are made up of one stack of nanowires,
while NW=8 and NW=12 cells are implemented with two
and three stacks respectively. Performance trade-offs of the
TIGFET technology with regards to number of nanowires are
demonstrated in the results for the PicoRV32 circuit, as shown
in Fig. 5. In the final case (ALL), the synthesis tools use
combinations of all four variations. Values are normalized to
the FinFET technology, where values superior to 1 correspond
to better performance for TIGFETs.

Leakage power and surface area increase as the number of
nanowires increases, with a corresponding decrease in critical
path delay. The leakage current and critical path delay show
proportional relationships to the number of nanowires used.
While surface area increases with the number of nanowires,
the sea-of-tile structures still allow a significantly smaller cell
surface dimensions compared to FinFET technology. TIGFET
showed improved area performance for all nanowire config-
urations tested, with an average gain of 2.3× more compact
design than FinFET technology.

For a single nanowire cell (NW=1), the leakage power
achieves a gain of 2.9× compared to FinFET, thanks to the
cutoff provided by the two Schottky barriers of the silicon
nanowire [3]. This comes at the cost of a significant degraded
critical path delay performance. To improve the delay and
energy performance, the cells must exploit a higher number of
nanowires. Increasing the number of nanowires to 12 improves
the static energy performance up to 5.2× improvement, at a
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cost of a critical path delay of 0.9×, compared to the FinFET
(NW=12). Leakage current does increase significantly with
additional nanowires, with worse results than FinFET for all
cases above 1 nanowire.

Technology nodes offer multiple options for standard cells
of a given gate function, with trade-offs between time, area,
static, and dynamic energy consumption. When synthesized
with a combination of all four sets of cells, we demonstrate
an energy gain of 3.9× and a surface area gain of 2.3×, with
only a 0.7× loss in critical path delay compared to FinFET
(ALL). The library with the combined set of cells will be used
in all following benchmarks.

B. Benefits of the AIG and XMG strategies

Of the 21 circuits evaluated, the TIGFET technology
demonstrates improved energy performance in 19 circuits,
improved surface area performance in all cases as shown in
Fig. 6. The XMG optimizations are capable of significant
improvements in energy, as demonstrated in the adder and
arbiter circuits from the EPFL suite. The best results for
energy gain where significantly enhanced with XMG synthesis
with LSOracle in the case of The EPFL benchmarks. The
circuits make heavy use of AOI and OAI gates in the case
of TIGFETs. Arbiter yields significant delay reduction by
eliminating a large number of buffers and inverters. Adder
shows a large reduction in pre-tech-mapping depth, from 255
to 12, with a corresponding improvement in post-tech-mapping
delay.

Comparing the performance of FinFET and TIGFET tech-
nologies using the AIG synthesis with ABC, on average the
TIGFET technology node improves power by 2.81×, area by
1.51×, with a penalty in delay of 0.97×, as shown in table I.
Thus, we evaluate the additional effects in performance that
occur when using the LSOracle mixed synthesis tool. For the
FinFET technology, synthesizing with LSOracle does cause
some area and power penalty on average. Despite this penalty,
on average it improves in power by 2.82×, area by 1.53 ×,
with a penalty in delay of 0.87×. This is slightly improved
in power and area over the use of ABC and the TIGFET
technology, but with a larger penalty in delay.

TABLE I
AVERAGE IMPROVEMENT OVER FINFET OPTIMIZED WITH ABC.

FinFET TIGFET
Power Area Delay Power Area Delay

ABC 1.0 1.0 1.0 2.81 1.51 0.97

LSOracle 0.88 0.92 1.00 2.82 1.53 0.87

VI. CONCLUSION

In this paper, we presented an open-source standard cell li-
brary using the 10 nm TIGFET technology node [11], offering
seamless integration into digital synthesis flows. By combining
TIGFET technology with a mixed synthesis strategy (AIG and
XMG), targeting XOR and MAJ logic gate optimizations, the
PicoRV32 core achieves a speed gain of 5.7× for a compact
area of 2.3×, compared to an equivalent 12 nm FinFET
implementation. This technology provides optimized logic
gates that enable low-power circuit design. Due to the stacked
silicon nanowire structure and the tradeoffs available between
different numbers of nanowires, this provides opportunities for
device selection during synthesis for improved PPA. For the
PicoRV32 core, we demonstrated improved PPA by using a
mix of devices of different numbers of nanowires, achieving
high speed while preserving a small area. Finally, when eval-
uating the technological trade-offs of the proposed library to
the low-power 12 nm FinFET library using standard synthesis
techniques, the benchmarks show an average improvement of
2.8× in power, 1.51×, with an average penalty of 0.97× in
delay. Although the application of an XMG synthesis strategy
did not achieve the best results for all design circuits tested, it
shows promising results, yielding the best gain of 24.6× for
energy for the arbiter benchmark. Future work will seek to
address and improve the capabilities of EDA tools to leverage
the TIGFET technology.
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