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Abstract—In this paper, we consider devices, circuits, and
systems comprised of transistors with integrated ferroelectrics.
Said structures are actively being considered by various semicon-
ductor manufacturers as they can address a large and unique
design space. Transistors with integrated ferroelectrics could (i)
enable a better switch (i.e., offer steeper subthreshold swings), (ii)
are CMOS compatible, (iii) have multiple operating modes (i.e.,
I-V characteristics can also enable compact, 1-transistor, non-
volatile storage elements, as well as analog synaptic behavior),
and (iv) have been experimentally demonstrated (i.e., with respect
to all of the aforementioned operating modes). These device-
level characteristics offer unique opportunities at the circuit,
architectural, and system-level, and are considered here from
device, circuit/architecture, and foundry-level perspectives.

I. INTRODUCTION

There is obvious interest in finding new ways to preserve
performance scaling trends that have historically accompa-
nied Moore’s Law-based device scaling. This has motivated
research efforts in Asia, Europe, and North America [1]-[3]
— all with the end goal of finding the next switch. However,
a replacement for the MOSFET has proven to be elusive. As
an example, tunneling field effect transistors (or TFETs) were
viewed by many [4], [5] as a promising MOSFET alternative
that could potentially serve as a “drop-in-replacement” when
considering existing CMOS-based, core logic structures (cir-
cuits requiring pass gates are a notable exception). However,
experimentally, TFETs have either suffered from low I,,, cur-
rents, or have not been able to achieve a desirable subthreshold
swing [6]. Moreover, comprehensive benchmarking efforts
suggest that when used as just a switch, other devices (e.g.,
charge-based TFETs, as well as devices that employ other state
variables) will not offer substantial improvements over CMOS
technology slated for 2018 [7] (Fig. 1).

The current state-of-the-art is perhaps best summarized by
an excerpt from a Semiconductor Research Corporation (SRC)
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Figure 1. Functional unit-level benchmarking of different logic devices; many
device concepts exist only in simulation (from [7] via Naeemi, Pan).

Nanotechnology Research Initiative (NRI) recent call for pro-
posals [8]: “NRI research has explored a broad spectrum of
beyond-CMOS devices for a 'new logic switch’ to replace
the current CMOS-based transistor ... a ’better switch’ has
not been found. Comprehensive benchmarking of beyond-
CMOS devices ... has revealed little or no advantage of
these devices over CMOS for conventional Boolean logic and
the von Neumann architecture.” Given the above, many new
research programs are either (i) adopting a more system-
centric focus [2], [9], [10] and/or (ii) looking to exploit other
characteristics associated with emerging devices (besides just
better subthreshold swings). Quoting again from [8], “some
devices demonstrate unique characteristics suitable for novel
architectures or computing paradigms, e.g., non-volatility in
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logic devices, reconfigurability, high computation density.”
Devices with integrated ferroelectrics are well-positioned to
address this space, and are being considered by various semi-
conductor manufacturers [11], [12].

In this paper, we discuss different types of ferroelectric
devices and relevant device physics (Sec. II-A), as well as
recent modeling efforts (Sec. II-B). Recent experimental ad-
vances with ferroelectric devices/transistors are also discussed
(Sec. TI-C). We then consider the impact of ferroelectric
devices at the circuit, architecture, and application-levels.
Application-centric case studies discussed in Sec. III include
design space explorations of: (i) non-volatile flip-flops and
memory structures [13] for non-volatile processors [14], (iii)
fine-grained logic-in-memory [15], (iv) content addressable
memories [15], and (v) crossbar structures for neuro-inspired
computing models [16]. We also consider how ferroelectric de-
vices fare when compared to other device-centric solutions for
similar problems (e.g., RRAM, STTRAM, etc.). We conclude
by examining FeFET implementations from the perspective
of a large-scale manufacturing process — specifically dis-
cussing GlobalFoundries-based FeFET implementations, re-
cent memory-centric results, and the potential impact of device
endurance. Recent experimental advances/demonstrations of
logic-in-memory primitives and FeFET-based synaptic struc-
tures [17], [18] are also discussed.

II. BACKGROUND AND RELATED WORK

Here, we present a brief description of the structure and
operation of ferroelectric transistors. This sets the stage for
a better understanding of the circuits, architectures, and ap-
plications discussed in subsequent sections of the paper. We
also provide an overview of the modeling approaches for
ferroelectric transistors, highlighting the features, assumptions
and limitations of each. We conclude with a brief review of
the experimental state-of-the-art.

A. Ferroelectric transistor structures and operation

A ferroelectric transistor (FeFET) is structurally similar to
a regular bulk MOSFET or FinFET, except that an additional
layer of ferroelectric (FE) material is integrated in its gate
stack (Fig. 2). The metal layer between the FE and dielectric
shown in Figs. 2a, b may or may not be included, and there
have been demonstrations of FE transistor structures with [19]
and without [20] this layer. Note that some FE materials (e.g.
lead zirconium titanate (PZT) [21]) may be incompatible with
CMOS processes. However, recent demonstrations of ferro-
electricity in hafnium zirconium oxide (HZO) [22] (highly
compatible with CMOS processes) has mitigated concerns
regarding large-scale demonstrations of FE transistors that
might impede industrial-scale realizations.

The interplay between the FE material with the underlying
transistor capacitance creates different modes of operation in
an FeFET. In a broad sense, based on the transfer characteris-
tics, FeFETs can operate in two different modes: a non-volatile
mode and a steep switching mode. The steep switching mode
can be hysteretic or non-hysteretic. In principle, for either
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Figure 2. (a) cross-section of a FeFET; (b) 3D view of a FeFET.

operating mode, the basic device structure is the same. The
relative capacitance of the FE and the transistor determines
the specific mode that an FeFET exhibits.

1) Non-volatile mode: Non-volatile PZT-based FeFETs
have been explored for several decades [23]. The emergence
of HZO-based FeFETs has led to additional studies of the
non-volatile operating mode — not only from the perspective
of device operation, but also in conjunction with application-
centric and/or memory cell designs [14]. The FE material can
be considered in the context of hysteretic polarization versus
voltage (P versus Vpp) (Fig. 3a).When placed in series with
the gate of a transistor, the hysteretic window of P versus Vg
(Fig. 3b) is reduced due the effect of the capacitance of the
MOS structure of the FET, and the associated depolarization
fields [24]. Nevertheless, with a sufficiently thick FE, the
hysteretic behavior is preserved, and can be observed in the
Ip-Vggs transfer characteristics of a device (Figs. 3c, d). This
corresponds to the non-volatile, hysteretic mode of the FeFET.
In this mode of operation, at Vgg = 0 V (i.e., when the
supply voltage is turned off), the FeFET exhibits bi-stable
states which correspond to positive and negative polarization
retention in the FE layer. Depending on the polarization, the
FeFET exhibits high resistance (P < 0 for an n-type FeFET
and P > 0 for a p-type FeFET), or low resistance (P > 0
for an n-type FeFET and P < 0 for a p-type FeFET). (Again,
see Figs. 3c, d.) Thus, non-volatility is embedded inside the
transistor provided the FE layer is sufficiently thick [14], [24].
Alternatively, if the thickness of the FE is lower than a critical
level (e.g., 7 nm in Fig. 3c), the FeFET loses its non-volatility
as the hysteresis in P versus Vg is reduced. However, the
volatile version of the FeFET can exhibit a different mode of
operation — steep switching mode (discussed below).

2) Steep switching mode: The steep switching mode of
an FeFET was proposed conceptually in 2008 by Salahuddin
and Datta [25]. They envisioned switching the polarization
of the FE layer following an S-shaped trajectory (Fig. 4a).
The “snap-back” region of the S-shaped, P versus Vg curve
exhibits a negative differential capacitance (d@Q/dV’) because
of its negative slope. This region in the polarization landscape
is physically unstable as it is energetically unfavorable [25].
However, when in series with a positive capacitance, the
negative differential capacitance of the FE can manifest itself
as long as the overall capacitance is still positive, which
stabilizes the FE operation in the negative capacitance region.
Having a negative capacitance in series with a positive one in
the gate stack has interesting implications. First, the voltage

Design, Automation And Test in Europe (DATE 2018)



1
@
E
3

_TFE=6nm L] TFE
28

Polarization (uC/cm?)
o

Polarization (uC/cm?)

—
()
~
<
-
m
<
~
—_
(=
~

VesV)
P-FEFET

(c) Ves) (d) VesV)
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Figure 4. (a) Polarization-voltage characteristics of a ferroelectric material

showing the envisioned S-shaped transition; (b) voltage gain in a NCFET; (c)
transfer characteristics of steep switching NCFETs.

division between the positive and negative capacitors leads to
amplification in the internal gate voltage of the transistor (Fig.
4b). This amplification in surface potential leads to enhanced
drain current (Ip), and also allows the transistor to achieve
below 60 mV/dec (Boltzmann limit) subthreshold swing [25]
(hence the name steep switching). This form of FeFET is
more commonly referred to as a negative capacitance transistor
(NCFET). An important dissimilarity between the non-volatile
FeFET and the steep switching NCFET is that in the former,
complete polarization switching (positive to negative) occurs
in the FE. The latter experiences only partial polarization
switching and hence is expected to be faster. NCFETs are
being studied as they could enable low power logic operation.
(While other emerging transistor technologies [26], [27] also
promise steep switching operation, FeFETs may ultimately be
more desirable owing to their close resemblance to memory-
centric transistor structures.)

Note that in certain scenarios, there can be hysteresis
in the transfer characteristics of a NCFET (Fig. 4c). More
specifically, there may be hysteresis, but not across Vgg =0V
(Fig. 4c). Hysteresis may occur on either side of the Vgg =0
axis and hence the device operation is volatile. In other words,
at Vgs = 0, the FE layer has one fixed polarization value.

Design, Automation And Test in Europe (DATE 2018)

Volatile hysteretic behavior arises from having two possible
stable solutions when Vg # 0. (This arises from the non-
linearity of the transistor capacitance, and its interaction with
the negative FE capacitance.) This condition exists when the
thickness of the FE in a NCFET exceeds a critical level and
is typically observed when the capacitance of the transistor is
highly non-linear. The relative capacitance of the underlying
transistor with respect to the FE layer determines if the
hysteresis will be volatile or non-volatile. For instance, it has
been shown that both of these modes can be achieved by
changing the thickness of the FE [28].

B. Device Modeling

With ever-growing interest in FE transistor technology, it
is vital to model the behaviors of different versions of the
FeFETs to develop and evaluate future designs. Significant
modeling efforts have been directed towards predicting the
behavior of this technology. Below, we provide a brief review.

To understand the complex interaction between the FE ma-
terial in the gate stack, and the underlying FET (baseline FET)
capacitance, device level modeling of FeFETs can provide
very important insights. In this regard, transistor equations
(Poisson’s equation and the drift-diffusion current continuity
equations) must be solved self-consistently with the Landau-
Khalatnikov (L-K) equation of the FE. The approach for mod-
eling a FeFET strongly depends on the absence or presence
of the internal metal layer (in between the FE and dielectric).
To understand the impact of this internal metal layer, we first
consider the multi-domain L-K equation:

E =aP + 3P% +~P5 — [EKPCF—P] (1)
2 dz?

In Eq. 1, P is polarization, E is electric field and «, S,
are Landau coefficients. The term Kp is called the domain
interaction parameter. Interestingly, having an interlayer metal
screens out the non-uniformity in the electric field within the
FE layer (the metal layer acts as an equipotential surface).
That implies an equal polarization in all the FE domains. As
a result, the term in parenthesis in Eq. 1 — (%)K p(f;f -
becomes zero and can be treated as a single domain L-K
equation. A 3D TCAD model of FE-FinFET at the 10 nm node
has been demonstrated in [29], which assumes an interlayer
metal between the FE and dielectric in the gate stack. In
this work, Poisson’s equation and the drift-diffusion current
continuity equations for the baseline FinFET have been solved
self-consistently with the single domain L-K equation.

The assumption of having an interlayer metal may justify
the use of the single domain L-K equation in [29], as the
metal makes the electric field across the FE uniform. However,
this assumption has some limitations. For polycrystalline FE
materials, having an equipotential internal metal layer does
not mandate equal polarization in all domains. Variation in
polarization axes and charge trapping may contribute to cre-
ating non-uniformity in the FE polarization. Moreover, it has
been reported that the internal metal layer might destabilize
the negative capacitance effect [30], [31]. But, if the FE
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is fabricated directly on top of a dielectric/oxide layer (i.e.
without an inter-layer metal [20]) such issues are mitigated.
However, the non-uniform electric field in the channel also
makes the electric field in the ferroelectric non-uniform. Due to
the non-uniformity in the electric field, FE polarization varies
along the gate length, which in turn leads to domain formation
in the FE layer of the FeFET. It is important to note that in
reality even in a single crystal FE sample, domain formation
is a typical phenomenon. To analyze the effect of domain
formation in the FE layer in FeFETs, a 2-D self-consistent
model utilizing the multi-domain L-K equation within the
NEGF (Non-Equilibrium Green’s Function) framework has
been developed [32]. The model captures the signatures of
negative capacitance of the FE in the FeFET characteris-
tics, i.e., negative DIBL, negative output conductance, etc.
According to the analysis in [32], it is important to have
higher domain interaction (higher Kp value) to obtain the
benefit from negative capacitance of the FE layer in the FeFET
characteristics.

To perform more rigorous circuit analysis and architectural
design-space explorations based on FeFET devices, a circuit
compatible model is needed. A SPICE model for FeFETs
based on the time-dependent single-domain L-K equation
(solved self-consistently with the transistor equations) has
been proposed in [21]. It considers the presence of (i) an
interlayer metal in the gate stack, and (ii) the depolarization
fields due to non-ideal contacts. Implementation of the model
entirely in SPICE enables efficient monitoring of the interme-
diate variables such as polarization, interlayer metal potential,
and depolarization fields during circuit operation.

A Verilog-A model of an FeFET in [33] is also based
on a self-consistent solution of the single-domain L-K and
transistor equations. Verilog-A based implementations makes
the model simulator independent and therefore can be run in
different interfaces/compilers [34]. A distributed charge model
for FeFETs (BSIM-CMG) has also been presented in [35]. It
can capture the characteristics of FeFETs with and without
an interlayer metal considering the lumped and distributed
nature of channel charges respectively. To characterize the
multi-domain effect of FE, a compact model [36] for FeFETs
has been proposed considering multiple FE domain structures
that can be thermally activated. To analyze the dynamics of
the electric polarization and to calculate the thermal activation
rate, L-K theory has been used in this model. The compact
model in [37] uses an explicit expression for the channel
current in a bulk NCFET, that considers the spatial variation
of FE polarization in the longitudinal direction.

C. Experimental Progress

HfO, based FeFETs have recently received great interest
for application in nonvolatile memory (NVM) [1]. As noted
above, unlike conventional perovskite based ferroelectrics,
HfO5 is CMOS compatible and scalable to film thickness
in the nanometer range. Indeed, HfO5 has been successfully
integrated at the 28 nm technology node, which suggests that
this technology is highly promising for NVM [38].
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Compared with existing current-driven NVM technologies
(e.g., flash, phase change memory (PCM), and STT-MRAM)),
FeFET-based storage is electric field driven, which improves
energy efficiency. Existing HfO5 based FeFETs employ a write
pulse of approximately 5V with a 100 ns pulse width, and
achieve a memory window of about 1V — which is only about
half of the theoretical value 2 X Ec X tpg [12], [39]-[41].
This is because an applied voltage is divided between the
ferroelectric and the underlying interlayer and semiconductor,
which causes the ferroelectric to operate on a non-saturated
inner polarization-voltage loop — which reduces the mem-
ory window. Potential strategies to improve the performance
include the usage of a high s interlayer or increasing the
interlayer to FE area ratio [42].

One of the challenges of HfOy based FeFETs is limited
endurance (approximately 10° cycles) [40], [42] caused by
dielectric breakdown or charge trapping, which is related
to the high coercive field of HfO5. A large electric field
is needed to flip polarization, which in turn results in a
high interlayer electric field. This high electric field stress
in the interlayer facilitates dielectric breakdown and charge
trapping. Therefore, it is necessary to reduce electric field in
the interlayer and charge injection. Potential solutions include
increasing interlayer thickness, or using a high « interlayer
[43]. Endurance cycles of up to 107 have been shown for
FeFETs with a 2 nm SiO, interlayer [44] and 10'? cycles was
demonstrated for FeFETs with a 3 nm SiO; interlayer [45].
Larger-scale array results will be discussed further in Sec. IV.

While a more detailed discussion is beyond the scope of
this paper, for recent work regarding the experimental state-
of-the-art with NCFETSs, we refer the reader to [20], [46], [47]

III. FEFET CIRCUITS AND ARCHITECTURES

We now discuss how different operating modes associated
with transistors with integrated ferroelectrics might ultimately
impact application-level tasks and performance. When possi-
ble, case studies benchmark FE devices and circuits against
other functional equivalents.

A. Non-volatile flip-flops

FeFET-based  non-volatile  flip-flops  have  been
proposed/designed to back up processor state in the event
of power failures, for power gating, etc. [24]. Data is stored
via the FE layer in a given FeFET. A representative design
appears in Fig. 5. While a more detailed description of device
operation can be found in [24], in brief, during a backup
operation, the flip-flop’s output (Q)) is connected to the gate
of the FeFET. (During normal operation, the pass transistor
N(@ may be turned off in order to isolate the flip-flop output
(@) from the gate capacitance of the FeFET.) During normal
operation or a restore operation, the FeFET gate is driven to
Vpp via serially connected transistors PB and PR, which in
turn are controlled by the backup (BK P) and reset (RST)
signals, respectively. The remaining terminal of the FeFET
is controlled by the signal BKP OR RSTR, which can be
shared among multiple flip-flops.
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Another possibility is to integrate FeFETs inside the flip-
flop architecture (Fig. 6) [48]. This design uses 2 FeFETs.
During back-up operation, one storage node of the slave latch
is used to control Vgg of a FeFET, and the other controls
source/drain bias. Depending on flip-flop state, Vg of the
FeFET is either negative or positive. The other FEFET stores
a complementary polarization. During restore, the differential
FeFETs drive the storage nodes of the slave latch. Thus, this
implementation uses FeFETs in conjunction with the cross-
coupled inverters of the flip-flop to restore state.

The power and speed of the FeFET-based, NV flip-flop has
been benchmarked against a FE capacitor-based solution [49].
FeFET-based designs exhibits 40% to 50% lower delay across
a range of Vpp values when compared to the FE capacitor-
based flip-flop. Energy dissipation is 27% to 40% lower with
the FeFET-based design. (This is largely due to the fact that a
single FeFET can retain information, while four FE capacitors
are required.) For restore operations, delay is comparable when
comparing FeFET and FE capacitor-based solutions. However,
the latter design requires a sense amplifier to distinguish
between states in the FE capacitor, while the FeFET-based
design can exploit the orders of magnitude differences between
states for a restore operation.

B. FeFET Memory Cells

FeFET-based memory structures have been considered [50],
and are appealing given the potential for non-volatile retention
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Plate Line (PL)
(a) WRITE

Plate Line (PL)
(b) READ

Figure 7. FeFET-based memory cells (a) write and (b) read.

capability based on FE polarization, high Ipon/lorp ratios,
and low voltage operation. Besides the realization of single
FeFET cell-based approaches (see Sec. IV), 2T Fe-FET-based
memory cells have been proposed (see Fig. 7). Owing to
a third terminal, a cell can have separate read/write paths,
which allows for read/write operations to be simultaneously
optimized. More details about cell operation can be found
in [50]. In the context of a NV memory array, write and
read energies are 3.1X and 55.4X better (respectively) than
a FeRAM-based backup at iso-write delay [50].

C. FeFET-based, fine-grained logic in memory

While there is obvious interest in a “better switch”, even
if improved transistors evolve, and traditional core scaling
continues, one must still supply each core with data to process.
Recent work [51] suggests that in order for future micropro-
cessors to match traditional Moore’s Law performance scaling
trends, S8W of a 65W power budget would be allocated for
just data transfer. However, if the distance between logic and
storage can be reduced by 10X, 90% of a 65W power budget
could be devoted to computation. “Near data processing” [52]
and processing-in-memory (PIM) prototypes have been heav-
ily pursued since the 1990s (e.g., [53], [54]), and have gained
more momentum with the recent advent of 3D integration.
Indeed, system-level analysis of Micron’s hybrid memory cube
[55], [56], the N3XT project [57], etc. suggest that 10-1000X
improvements in performance/energy are possible.

In contrast to “coarse-grained” efforts (i.e., with logic and
memory on separate dies), “fine-grained” logic-in-memory
(LiM) structures could also bring data closer to processing
elements by (i) leveraging local, NV storage to preserve
system state, and (ii) integrating NV storage elements with
the logic itself. Work described in Sec. III-A is an example of
the former. As an example of the latter, [58] proposed that
magnetic tunnel junctions (MTJs) be integrated with MOS
transistors to store data words that might be repeatedly used
over the course of a given computation, e.g., for a sum-
of-absolute differences (SAD) calculation commonly used in
compression, motion detection, etc.

FeFET-based structures are also well-suited for this space.
As a representative example, FeFET-based dynamic logic
(DL)-style LiM circuit structures have been developed [15]
(Fig. 8). One of the two inputs is stored locally by leveraging
FeFET non-volatility. FeFETs (along with associated access
transistors) can be distributed in the pull-down network (i.e.,
with other N-channel devices) and can serve as both a logic
switch and an NV storage element. The inputs Y and Y are
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set to have either a positive or negative gate-source voltage for
the FeFET to change its state to "1’ or 0’ respectively, thus
achieving NV bit storage based on device hysteresis (albeit at
the expense of an access transistor).

The FeFET-based DL 1-bit full adder (FA) in Fig. 8 is
similar to a conventional DL FA, but the transistors associated
with input B are replaced by the FeFET-based NV memory
elements. As memory elements store the same bit, the access
transistor can be shared by the three FeFETs. Due to reduced
transistor count and the DL-style employed, this FeFET-based
NV LiM FA achieves better dynamic power efficiency as
well as delay than other NV LiM FAs. Notably, the FeFET-
based DL FA has a nearly identical delay and dynamic
power when compared to a CMOS implementation at the
same technology node [15]. (This is somewhat expected as
the designs have similar circuit topologies.) That said, the
FeFET-based approach simultaneously offers the benefit of
local, NV storage, which has application-level utility as noted
above. Furthermore, additional benefits of the FeFET-based
approach are observed when comparing designs to functional
equivalents based on other emerging technologies. Notably, the
area-delay-power product of a FeFET-based adder is 19X/84X
better than that of an MTJ/FTJ-based approach (where area is
assumed to be proportional to device count) [15].

D. FeFET-based content addressable memories

Recent work also suggests that FeFET devices are well-
suited for realizing content addressable memories (CAMs) and
ternary content addressable memories (TCAMs) [15], [59].
TCAMs perform parallel searches for a given piece of data
against a table of stored data, and return information as to
whether a match occurred. TCAMs have obvious utility in net-
working hardware/applications, i.e., in routers, database search
applications, and associative memories. More recently, [60]
has also proposed using TCAMs for more energy efficient, in-
memory data processing by reducing the amount of redundant
data associated with traditional von-Neumann processing, as
well as to efficiently realize various neuro-inspired computing
models [61].

FeFET-based TCAM designs were originally proposed in
[15]. Here, we discuss two designs that employ different
writing schemes (WS1 and WS2 — with and without a negative
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Figure 9. Two FeFET TCAM cells (a) with WS1; (b) with WS2.

supply respectively). The design in Fig. 9a (WS1) [59] consists
of two parallel FeFETs connected to a matchline (ML) via
two transistors. In addition to storing complementary bits, the
two FeFETs can also both store logic ‘0’ which represents
the “don’t care” state. In the cell schematic, the transistors
M, /Ty and My /T serve as two pull down paths for the
ML. The inputs to the transistors 77 and 75 — SL and SL -
together with the memory state stored in M; and M, (S and
S) determine whether the pull down paths are on or off, and
provide an XNOR output S @ SL at the ML.

The structure in Fig. 9a can be modified to support WS2,
where the complementary bitlines (BL and BL) are used for
writing. Per Fig. 9b, the TCAM cell still employs transistors
My /Ty and Ms /T as in Fig. 9a. However, they now serve as
the pull down paths, from the ML to BL and BL, instead of to
ground. The buffer transistors driving BL and BL serve as the
ground for the discharging current, and the negative voltage
required for the design in Fig. 9a is eliminated.

FeFET-based TCAM designs have been considered in the
context of array-based architectures, and benchmarked against
other memory technologies/TCAM cells. (As described in
[59], the array consists of TCAM core cells, input buffers
and drivers, the output sense amplifier, the clock signal, and
the output encoder.) When compared to CMOS functional
equivalents, FeFET-based TCAMs have similar latency and
energy as they have similar capacitances at the matchlines
and search lines. However, FeFET-based designs are (i) denser
(CMOS designs typically employ a 12T, NAND-type cell or a
16T NOR-type cell, while the FeFET approach employs a 4T-
2 FeFET based cell), and (ii) non-volatile. When compared to
ReRAM and MTJ-based TCAMs, FeFET-based designs have
energy delay products (EDPs) that are 1.7X and 149X better
respectively. (Note that per [59], ReRAM-based designs may
offer some advantages with respect to array density.)

E. FeFET-based crossbar design for BCNNs

Recently, convolution neural networks (CNNs) have
achieved great success in machine learning applications in-
cluding image classification, natural language processing, etc.
To tackle challenges associated with memory capacity, energy,
etc., binary neural networks (NNs) [62]-[64] have recently
been proposed. In binary NNs, the weights and/or activations
are binarized to £1. Such an approximation significantly
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Figure 10. (a) FeFET crossbar and (b) XNOR cell.

reduces the energy, memory usage, and execution time, while
still providing acceptable accuracy.

To further reduce energy and computation time, researchers
have also considered the impact of emerging technologies.
For example, RRAM-based crossbars can also perform analog
multiplications, and are promising candidates for energy-
efficient CNN accelerators. RRAM-based crossbars have been
used for both conventional and binary NNs (e.g., [65]-[68]
from just 2017). However, RRAM designs still face challenges
such as sneak paths, high write energy, device variations, etc.

Unlike RRAMSs, FeFETs are three-terminal devices. The
three-terminal structure enables better control of both write
and read power. A lower read voltage at the gate terminal
can reduce Ipn, and in turn, read power can also be reduced.
During programming, we can set Vpg to zero. This does not
affect the programming operation, but Ipg is reduced to almost
zero during programming. Write power is only consumed
when charging the FE layer capacitance, which is much lower
than that caused by the write current of RRAMs. A FeFET
crossbar structure (from [16]) is shown in Fig. 10a. Each cell
is a FeFET-based XNOR gate and is connected to a horizontal
line (HL), its inverse (HL), a vertical line (VL), a word line
(WL), a bit line (BL), and its inverse (BL).

The basic cell in a FeFET-based crossbar array (Fig. 10b)
consists of two FeFETs and two access transistors. The two
FeFETs (storing complementary bits) store one weight bit. One
bit of the input and its complementary bit are applied to HL
and HL. The cell performs the XNOR operation between the
input bit and the weight bit stored in the two FeFETs.

FeFET-based crossbar designs have been simulated using
the HSPICE FeFET model from [21]. The 10 nm FinFET PTM
(tfin=8nm, hfin=21nm, nfin=1) [69] is adopted for all
MOSFET devices. The crossbar array size is 64x64. FeFET
designs are compared with RRAM and CMOS equivalents.
When compared with two RRAM-based designs, a FeFET-
based approach enables write power reductions of 5600X and
395X. Read power can be reduced by 4.1X and 3.1X. (That
said, read latency is 8% higher with the FeFET approach.)
For a CMOS-based design, we can also set HLs and HLs to
zero when programming. Thus, write power can be extremely
low due to the low programming power of SRAMs. The read
power of the CMOS-based design is also the lowest because a
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MOSFET has a lower Ipg than a FeFET given the same width.
However, the read delay in a CMOS design is the highest.
Overall, the FeFET-based design is the best in terms of read
power-delay product (PDP), and represents a promising future
direction to explore and benchmark [16].

IV. ADVANCES WITH FEFET FABRICATION

We now consider FeFET-based devices and design at scale,
and other recent experimental advances with FE-based devices.

A. Large-scale integration

The realization of complex functionality enabled by com-
bining logic and memory at fine granularities requires the
integration of both logic and memory devices in one com-
mon CMOS manufacturing process. Moreover, a competitive
and flexible solution requires the compatibility of the novel
memory technology with existing transistors in the respective
base technology. Put another way, the electrical parameters of
logic transistors (that are fixed in the respective process design
kits) should not be altered by the extension of the technology.
Furthermore, operating conditions of the memory devices (in
terms of operation voltages and currents) should be readily
facilitated by the adoption of the existing device suite.

Given the above context, the successful implementation
of ferroelectric HfO5-based FeFETs in a 28 nm gate-first
super low power (28SLP) CMOS technology platform (first
demonstrated in 2016 [12]) represents a significant step toward
a broad application of FeFET device concepts/their unique
features. More specifically, the HfOs-based FeFET is con-
structed in a low-cost double-high-k manufacturing process
by adopting just two additional DUV structural masks — and
the electrical baseline properties of the logic transistors were
not impacted by the additional processing steps. Moreover,
additional processing steps did not increase the defect level as
was demonstrated on a matured high-volume product. (The
implemented FeFET module did not affect the DO-limited
yield.) As such, the seamless integration of this novel device
concept into state-of-the art CMOS technologies is possible.
FeFET memory technology adds only negligible overhead to
the CMOS baseline and, as the write operation is purely field-
based and not current driven, low power writes are possible.

The successfully developed 28 nm SLP integration scheme
enables a direct transfer of the FeFET module into more
advanced technologies such as the 22FDX 5, platform. Mem-
ory windows enabled by a 1.5 V threshold voltage shift via
adoption of programming and erase voltages in the range of
only 2-3 V were recently demonstrated in aggressively scaled
FeFET cells with a footprint of just 0.025 pm? [41]. Thus,
ferroelectric HfO5 enables a scalable and CMOS compatible
eNVM that keeps pace with the scaling demands of leading-
edge logic technologies (Fig. 11). Further opportunities for
FeFET operation/applications are offered by the back-bias
option as a unique feature of the fully depleted SOI. Back bias
enables an additional degree of freedom in the analog design
of basic LiM building blocks, which enables the design of
novel reconfigurable logic concepts (see below) [70].
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Figure 11. Physical gate length scaling of FeFET compared to the eNVM
logic platforms.

Various test structures — ranging from (i) single devices,
(i) 64kBit passive arrays, and (iii) up to large prototype
memory arrays with memory sizes of up to 32Mb — have been
manufactured. Fully functional 64kBit memory arrays were
demonstrated by successfully writing a low-VT checkerboard
after block erase. Moreover, the large array data based on
0.036m? 32Mb cell array results [41] reveal the successful
realization of a disruptive embedded non-volatile memory
(eNVM) process where the individual memory cell is con-
structed by a single FeFET device. As an FeFET cell can be
erased via the source and drain regions [71], no dedicated bulk
area is required for embedded FeFET cells, and the need for
on-chip generation of negative voltages can be avoided.

B. Experimental Demonstrations

Using the memory array results discussed above as context,
we now consider prospects for adopting existing, integrated
FeFET technology toward other application-level ends. Results
to date suggests that cycling endurance in integrated devices
is in the range of up to 10° programming and erase cycles,
which is certainly sufficient for the realization of embedded
storage solutions. However, for fine-grained logic-in-memory
circuits based on the available Generation-1 FeFETs, more
careful study/analysis is needed. Logic operation (that includes
programming and erasing steps under full circuit speed) would
not be supported assuming an envisaged circuit lifetime of 10
years. That said, [44] suggests that higher endurance at the
cell-level may be achievable via a gate-last process integra-
tion scheme. Given the above, two different mechanisms for
adopting fully integrated FeFET devices are considered.

1) Reconfigurable AND/OR gates: For some applications,
the state of a memory cell may only need to be changed
occasionally. Similar to the work discussed in Sec. III-C,
an FeFET can be adopted as a local storage element that
enhances/complements computational tasks in a traditional von
Neumann architecture. In [70], a single FeFET is employed
in conjunction with a sequential logic operation. The internal
polarization state of a FeFET is used as one input of the logic
gate (input A), i.e., FeFET non-volatility is exploited to store
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Figure 12. Concept of a single-FeFET based sequential logic gate realizing
reconfigurable (a) OR and (b) AND operations.

one input. A high Vy, or low Vy;, state corresponds to a logical
zero or one, respectively. The second input is represented by
the gate voltage V, (input B) that is applied in a second step
of a sequential logic operation.

A low or high voltage level of V, represents a logical zero
or one, respectively (Fig. 12a). As such, the drain current I
is representative of a logic OR based on these two inputs.
Moreover, a logic AND is possible by tuning the operating
point of the FeFET by adjusting the back bias voltage (Fig.
12b). To realize a logic gate with voltage output (V,¢), a
pull-up device must be added in series to the drain terminal.
For example, the PMOS pull-up transistor can operate in
the subthreshold region to act as an adjustable resistor. The
resulting V,,; shows NAND or NOR behavior, respectively,
resulting in an inverted output signal when compared to I.
Thus, to implement the logic gate, only 2 transistors are
needed, resulting in a very compact circuit layout. This work
demonstrates fine-grained integration of logic and memory
functionality, and represents a promising approach for the
realization of future LiM hardware solutions and ‘“normally-
off”’-computing. This may be especially useful when memory
data is programmed infrequently but is used often, e.g., in field
programmable gate arrays, CAMs, or digital filters.

2) FeFET-based synapse: Another approach for circum-
venting limitations associated with limited cycling endurance
is gradual switching over a large number of programming
steps. In this sense, FEFET technology may be well-suited to
serve as a solid state synapse for neuromorphic computing
models. Along these lines, (i) a single FeFET (integrated
in a 28nm HKMG technology) and (ii) a resistive element
(connected in series) was presented in [18]. In [18], the gradual
and non-volatile switching of the ferroelectric hafnium oxide
[72] is exploited to continuously tune the transistor channel’s
conductivity in an effort to mimic the synaptic weight update
over a large amount of subsequent switching pulses). Devices
having a comparably large channel length and width of 500 nm
were employed (that exhibit a comparatively large amount of
FE domains in the FE gate oxide). External voltage pulses
can be applied either at the gate and/or source/drain/bulk
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terminals in order to switch the polarization of the ferroelectric
in a non-volatile manner, and subsequently tune the channel
conductivity. By applying progressively increasing gate pulses,
the multi-domain device is gradually brought from an initially
high-VT state into a low-VT state. This circuit also exhibited
spike time dependent plasticity (STDP).

FeFET-based synapse have also been considered by Jerry,
et al. [17]. As additional motivation, note that the expanding
utilization of neural networks in tasks such as image recog-
nition and speech-to-text translation motivates the design of
hardware systems capable of running networks at lower power
and latency for both inference and training. Within the current
CMOS framework, as network sizes continue to expand,
weight values are increasingly required to be stored in off chip
memory such as DRAM — where the energy consumption and
training time of the neural networks can become limited by
the off-chip memory access bottleneck. For a fully connected
deep neural network, significant acceleration in training can be
achieved by minimizing data movement by utilizing on-chip
storage and performing the computation and weight updates
at the same node. This entails the development of a crossbar
compatible analog synaptic memory where the weight values
are stored as the conductance of the synaptic memory element.
In order to be capable of accelerating neural networks over
the current CMOS framework, such a device should exhibit
1V, 1 nanosecond potentiation and depression programming
pulses, a symmetric and linear conductance response with >32
conductance states (>5-bit), and a G,,,4,/Gnin ratio of >10
[18], [73], [74].

Again, by gradually tuning the remnant polarization of the
ferroelectric gate oxide through successive weak SET/RESET
pulses, one can induce gradual shifts in the transistor threshold
voltage, and in turn creates a steady modulation of the transis-
tor channel conductance (for a fixed gate voltage). Thus far,
5-bit (32 level) devices has been demonstrated. However, a
non-identical pulse scheme is needed, which would require
increased peripheral circuitry and latency to determine the
update pulse for each device. However, the high-speed electric-
field controlled switching of the ferroelectric (75ns [17]), and
large Gy,,02/Gonin ratio of FET remain enticing characteristics.
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